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ABSTRACT 
"Growth and Heavy Metal Uptake by Bermudagrass Grown in Sludge-Amended Substrates" 
Thesis submitted by NGAR, Yuen-ngor 
for the degree of Master of Philosophy 
at the Chinese University of Hong Kong in June, 1992 
The objectives of this study are to find out the feasibility �� 
of using sewage sludge as a soil amendment material in Hong Kong, 
and to ascertain its effects on the growth and heavy metal uptake 
of bermudagrass established separately from seeds and sprigs. 
Sludge was added to two base substrates to support grass growth, 
viz river sand and completely decomposed granite (CDG)• The 
effects of sludge were compared against that of sphagnum peat in 
the first two experiments involving germination and the growth 
of bermudagrass from sprigs. In the third experiment, the effect 
of liming on the bioavailability of heavy metals and their uptake 
by the grass were investigated. 
Sludge increased the organic matter content and nutrient 
content, improved the pH status and lowered the C:N ratios of the 
base substrates. At 7.5% (air-dried) sludge rate, these 
beneficial effects clearly improved the seedling and vegetative 
growth of bermudagrass. 
Heavy metal accumulation was generally higher in thd root 
than in the shoot. The reduction of seedling and biomass growth 
by the toxic effects of heavy metals became more acute at high 
sludge loading rate (30%) . That germination was increasingly 
impaired at high sludge rates was also due to the factors of high 
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salt concentration (EC) and the presence of volatile inhibitors. 
Liming effectively reduced most of the heavy metal uptake 
from the sludge-amended substrates. However, biomass growth was 
not shown to vary significantly with liming rates, possibly 
because root rotting adversely affected the grass growth in some 
treatments. 
The findings of this study suggest that sludge at low 
amendment rate is a viable substitute for sphagnum peat in seed-
bed preparation. It sustained a better growth of grass for a 
longer period of time than the peat. Field trials on slopes and 
disturbed grounds plus long-term monitoring of grass growth are 
required in order to optimize the agricultural use of sludge in 
Hong Kong. 
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Chapter 1 
INTRODUCTION 
1.1 Sludge as a waste problem 
The extension of the sewerage catchment system in the 
territory of Hong Kong, as part of the Territorial Sewage 
Disposal Scheme, will increase both the collection of sewage and 
production of sludge. The implementation of the Scheme, with the 
commissioning of the Stonecutters sewage treatment works in 1996, 
will sharply and dramatically increase the sludge production 
(Fig. 1.1). This will further aggravate the present sludge 
disposal problem (EPD, 1992). 
Fig. 1.1 , � 
Estimated total sludge production at water and sewage treatment plants. The 
sharp increase in sludge arisings in 1996 is due to the commissioning of the 
Stonecutters Island Sewage Treatment Works. The decrease in 2001 is due to the 
cessation of lime assisted sedimentation at the works with the introduction 
of the long sea outfall for sewage disposal. 
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Source: Environmental Protection Department, Hoiig Kong (1992). 
In the present days, most of the sewage sludge is 
anaerobically digested and dewatered to 25% solids in the sewage 
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treatment plan七s before being buried in the landfills. However, 
landfill sites are becoming increasingly difficult to find and 
existing ones have only limited life (Wu, 1987). Moreover, with 
the sub-tropical climate and intense rainfall pattern of Hong 
Kong, landfills are highly reactive. Leachate is found to contain 
substantial amount of ammoniacal nitrogen (Robinson & Carville, 
1 9 9 1 ) . Under acidic-conditions, heavy metals in the leachate can 
cause pollution problem to the neighbouring water body (Younos, 
1983). 
Another disposal practice is to transport the sludge slurry 
from the sewage treatment plant by a tanker to designated off-
shore dumping sites. However, the changes in speciation of the 
heavy metals and their subsequent bioavailability in the marine 
environment is still poorly documented locally. Together with the 
release of various toxic substances, marine disposal of sewage 
sludge may also aggravate the water pollution problem. 
1.2 The degraded geological environment of Hong Kong 
Hong Kong is located at the south-eastern coast of mainland 
China. For the whole territory of Hong Kong, soil erosion and 
land instability affect 45.1% of the land area. Man's 
disturbances through urban development, rural village and 
associated development have accounted for 20% vegetation 
depletion of the area (Geotechnical Control Office, 1989) • 
Within the 1,070 Km^ territory, intrusive igneous rocks 
outcropped over 21.8% of the total area (Geotechnical Control 
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Office, 1989), with granite being the dominating rock type. 
Approximately 40% of the granitic terrain is affected by some 
forms of erosion, and about 22% by some levels of instability. 
Granitic erosion constitutes 37% of the total area under erosion 
in Hong Kong. 
With a sub-tropical climate, the granitic rocks in Hong Kong 
are subjected to intense weathering and erosion. Weathering depth 
can exceed 2 0in, and erosion on ridgecrests and slopes usually 
result in bare soil deprived of an organic horizon. 
Considering the human factor, highly weathered granitic 
material is excavated for the production of granular borrow, 
fill, and bricks while fresh granitic rock is quarried for 
aggregate production. Moreover, many disturbed soil surfaces, 
such as cut slopes resulted from infrastructural development, 
urban renewal, metro-plan development and mining activities in 
quarries are often found in the urban and sub-urban areas. 
As a result, granitic materials are commonly exposed in both 
the natural and disturbed areas, and are subjected to further 
erosion if no revegetation work is pursued. 
1.3 Use of weathered granitic material and sand as planting 
media 
Weathered granitic material (locally also known as 
completely decomposed granite, CDG) is often employed as top soil 
material for landfills, and as substrates for planting at 
3 
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roadside, in parks, gardens, playgrounds, planter boxes and 
nursery production. Similarly, sand imported from China is used 
as a growth substrate for high quality turfgrass in golf green, 
race tracks, sports fields, parks and lawns because of its good 
aeration, drainage and resistance to compaction characteristics. 
However, these residual materials are deficient in organic 
matter and essential plant nutrients. The poor structure and 
texture are not suitable for sustained plant growth. Sustainable 
vegetation establishment on these material is difficult. Sparse 
vegetation cover-->high erosion-->low organic matter and nutrient 
content->poor vegetation growth will be the vicious cycle thus 
developed (Hudson, 1971). 
1.4 Need of soil improvement material 
To improve the soil physical and chemical properties and 
hence soil productivity, organic material and chemical 
fertilizers can be added. Organic compost like sphagnum peat and 
sawdust are the commonly used organic amendment materials in Hong 
Kong. The amount of peat imported during the years 1988-1992 was 
620, 510, 1175, 580 and 960 metric tons respectively^. Although 
sphagnum peat has high water holding capacity, it is usually low 
in nutrient level (nitrogen <1%； phosphorus and potassium <0.1%) 
and is acidic (pH 3.0-4.5) (Reuszer, 1957). 
Chemical fertilizers are relatively costly, and they usually 
1 Agriculture and Fisheries Department, Hong Kong. 
Unpublished data. 
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acidify the soil medium (Foth, 1991) and are easily leached under 
high rainfall conditions. 
A locally available substitute material, which can act both 
as a fertilizer and organic matter source, is thus highly 
desirable. 
1.5 Potential for land application of sewage sludge 
Numerous overseas studies show that controlled application 
of sludge on land is a more sensible way of "disposal" because 
it means recycling of resources from the sludge. 
Sewage sludge contains substantial amount of major nutrients 
like nitrogen and phosphorus. It is also a good source of organic 
matter that improves the physical, chemical and even biological 
properties of the soil. Unfortunately, sludge is also the sink 
of various toxic substances, of which the most troublesome is the 
heavy metals. Because of the high heterogeneity in chemical and 
physical properties of sewage sludge, preferably non-edible crops 
should be grown on sludge-amended soil. In other words, non-
arable lands are more suitable to receive contaminated sludge 
(Raviv et al•, 1986). 
Reported application of sewage sludge on land includes 
reclamation of bare mountain (Sopper and McMahon III, 1987), 
topping of landfill (Taylor, 1989), commercial and residential 
landscaping (Taylor, 1989), horticultural works (Gouin, 1989) and 
preparing seedlings nursery (Berry, 1985) and many others. 
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similar trials in Hong Kong are scarce, except a few that were 
carried out for edible crops production (Wong, et al • , 1980, 
1983a and 1983b; Wong, 1990; Chui, et al., 1992). 
1.6 Objectives of study: 
Postulated both as a fertilizer and a soil conditioner, 
sewage sludge was added to the CDG and sand substrates as an 
organic amendment material. The suitability of sludge as a soil 
ameliorant was ascertained by monitoring the germination, biomass 
growth and heavy metal uptake of bermudagrass in the amended 
substrates. The specific objectives of the study are as follows:-
1. To study the germination and seedling growth of common 
bermudagrass (Cynodon dactylon) in sludge-amended substrates. 
2. To determine the biomass growth and heavy metal uptake of 
common bermudagrass (C. dactylon) in sludge-amended 
substrates. 
3. To study the effects of lime on the biomass growth and heavy 
metal uptake by common bermudagrass (C. dactylon) in sludge-
amended substrates. 
1.7 Significance of the study: 
In order to recycle valuable resources in sludge and to find 
an alternative to sludge disposal, this study aims at making the 
two ends meet. 
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This study comprises of three grass-growing pot experiments. 
Growth substrates for grasses were prepared by adding 
anaerobically digested sewage sludge to both CDG and coarse sand. 
Peat-amended substrates were also prepared for comparison 
purpose. 
Grass was the test plant as it is usually the pioneer 
species used in land revegetation works. Grasses also constitute 
most of the vegetation cover in parks, football fields, golf 
courses and open spaces. Moreover, grass is not an edible crop, 
and threat to grazing animals due to heavy metal uptake from 
sludge is minimal in Hong Kong. 
Common bermudagrass (C. dactylon) was chosen for this study 
because: 
1. It is a warm season grass that suits the climate of Hong Kong. 
2. It has fine leaf texture and high shoot density. It has good 
adaptation to heat, drought, wide soil type, wearing and can 
establish quickly. Its recuperative potential is excellent 
(Beard, 1982). Thus, it is extensively grown in race tracks, 
sports fields and golf courses in Hong Kong. 
3. With an extensive root system and a rapid establishment rate, 
the grass is established in land revegetation by 
hydroseeding2 to stabilize slopes and disturbed sites. 
2 Hydroseeding or hydraulic seeding is a process by which 
grass seed is mixed with fertilizer, mulch fibre, water and 
vegetable dye in a slurry, which is then sprayed onto prepared 
seedbeds. The seeds will germinate and vegetate the area. 
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Irrespective of the uses of the grass, CDG and sand are the 
dominant soil substrates characterized by nutrient deficiency and 
poor physical properties. Before planting, the soil is pre-mixed 
with imported peat, which is costly and sometimes not readily 
available. The use of sludge as an alternative amendment 
material, therefore, will have significant repercussions on 
landscape planting and the environment. Such practice, though 
would not be able to consume all the sludge produced in Hong 





2.1 Soil Organic Amendment for Vegetation Establishment 
Revegetation of degraded areas, like gullies and disturbed 
sites, are usually done with grasses, sedges and reeds (Hudson, 
1971)• Soil amendment materials are required for these areas 
where the soils are unstable and infertile. A large volume of 
literature appeared dealing with the techniques (Younos, 1983; 
Robert & Bradshaw, 1985) and guidelines of using sewage sludge 
as an amendment material in the rehabilitation of mine land 
(Seaker,‘1991), acidic dredge disposal site (Palazzo & Reynolds, 
1991) and acidic colliery spoil (Costigan et al., 1982>. 
Peat is widely used as an organic material for the 
preparation of growth substrates. It has low pH, low nutrient 
level (<1% nitrogen, < 0.1% P and K) , high CEC, high water 
holding capacity and low bulk density (Reuszer, 1957). Sphagnum 
peat, as compared to woody and herbaceous peats, was found to 
have hydrophilic character and elasticity. It readily rehydrates 
after air drying (Valat et al., 1991). 
Extensive search for peat substitutes is undertaken 
worldwide as peat is a non-renewable resource, costly to import, 
conducive of fungi and an important CO2 sink (Raviv et al., 
1986). Substitute for peat should meet criteria of bulk density, 
pore volume, organic matter content and CEC. 
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Land application of sewage sludge can be dated to as early 
as the inid-19th century (Anon, 1956; Scanlon, 1957; Merz, 1959). 
Carried out worldwide, the early applications stressed on the 
value of sludge as fertilizer and soil amendment material 
(Sauerbeck, 1991). 
However, sludge quality is a great concern in land 
application. Pre-treatment methods were investigated to optimize 
the use of sludge, including composting, heat drying, chemical 
stabilization with quicklime, and pelletization to get rid of 
pathogens and toxic organics (Hasbach, 1991)• Unfortunately, the 
presence of variable levels of heavy metals is still a hindrance 
to its use. 
2•2 Types and Properties of Sewage Sludge 
There are basically four types of sewage sludge. The 
properties of which are governed by the different treatment 
processes (Table 2.1). Digested liquid sludge is rich in 
ammoniacal nitrogen, while undigested liquid, undigested cake and 
digested cake sludges are rich in organic nitrogen, which act as 
slow-releasing fertilizers (Water Research Centre, 1985)• 
Sewage sludge produced in Hong Kong is anaerobically 
digested cake type^. While majority of the soluble nutrients are 
lost during dewatering, the sludge still contains a large amount 
of organic nitrogen, phosphate and organic matter (Hall et al., 
3 Drainage Services Department, Hong Kong. Personal communication. 
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1986). 
Worldwide studies, however, may not have recorded the type 
and composition as well as the specific treatment that sludge 
receives at the treatment plant (Hall et al., 1986). This makes 
direct comparisons between studies impossible. 
Table 2.1 Type and composition of sludges 
Sludge Type Dry Total Total N type 
Solid Nitrogen Phosphate 
content n P2O5 % 
(expressed as % dry 
solids) 
Liquid undigested 5 3.5 3 largely 
organic 
Liquid digested 4 5 4 largely 
(3+2)* ammoniacal 
Undigested Cake 2 5 3 2.5 organic 
Digested Cake 25 3 3.5 organic 
*(ammonia+organic N)-the proportion of ammonia may vary from 30-70% of total 
N Source: Water Research Centre (1985). 
Sludge is not homogeneous in chemical composition and 
concentrations (Jones, 1981; Lake, 1987)• The temporal and 
spatial variations of composition are probably due to the 
difference in influent quality and the efficiency of the sewage 
treatment plants (Berrow & Webber, 1972; Horvath & Koshut, 1981; 
Matthews, 1984; Spiegel et al., 1985). It was found that sludge 
had various inherent limitations on its use that worth careful 
considerations: (a) heterogeneity of products even between 
different batches of the same source, (b) existence of 
undersirable materials like glass and plastics, (c) phytotoxicity 
problems and unidentified factors, (d) low CEC, (e) low organic 
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matter content, (f) high content of toxic elements to both plants 
and animals, (g) high salinity, (h) high bulk density and low air 
capacity (Raviv et al., 1986). 
Without exception, sludges in Hong Kong also have high 
heterogenic characteristics. As seen from Table 2.2, heavy metal 
ranges varied greatly with different elements and sources of 
sludge. With a high degree of heterogeneity, application 
guidelines are difficult to follow. 
Table 2.2 
Ranges of mean value (monthly) of six heavy metals in sludge of the five 
sewage treatmeant plants in Hong Kong, (June, 92 to February, 93) 
Location of Sewage Treatment Plant 
Metal in 
mg/kg of dry Shatin Tai Po Shek Wu Yuen Long Sai Kung 
solid (PS) (PS) Hui (PS) (PS) (SC) 
Cadmium 2.5-7.2 <0.9-2.3 1.1-4.7 <1.0-2.5 <1.0-5.4 
Chromium 170-740 79-130 40-490 1450-1970 240-1680 
Copper 1580-2230 850-4890 180-300 1100-3060 220-480 
Nickel 370-630 57-130 13 -110 250-360 1070-3250 
Lead 77-140 280-440 38-99 88-130 64-140 
Zinc 1470-1920 1220-1700 1280-1990 2150-7550 2340-7180 
DS = Digested sludge; SC = Sludge Cake 
Source: Drainage Services Department, Hong Kong, unpublished data. 
2.3 Guidelines for Land Application of Sludge 
The application rate of sludge can be determined by several 
criteria through (a) nitrogen content for annual application, (b) 
heavy metal content for the length of time a given area can 
receive that sludge (Jacobs, 1981; Younos, 1983) and (c) 
phosphorus content in many countries in Europe (Hall, personal 
communication). Table 2.3 summarized the limits of the total 
heavy metals addition from sludge applied to agricultural land 
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in the U.K., U.S.A. and E.E.C. in the 1980's. 
Table 2.3 Guidelines for limits of addition of heavy metals in sewage sludge 
applied to agricultural land. 
Limits of metal addition to soil (annual averages; 
kg/ha) 
U.K. E.E.C. U.S. Soil CEC 
Metal (meq/lOOg) 




Cd 0.17 0.15 0.17 0.33 0.67 
Cr 33.3 10.0 





Ni 3.00 1.67 3.33 6.67 
2.33b 
Pb 33.3 15.0 16.7 33.3 66.7 
Se 0.17 
Zn 30.0 8.33 16.7 33.3 
II 1 8 . 7 b j I 
Period of 30 10 30 
addition 
(yr) 
a Recommended values； other values are mandatory. 
b Additions of copper, nickel and zinc are subject to the over-riding 
limitation of the "zinc equivalent". 
Source: Lake (1987). p.99. 
2.3.1 Cation Exchange Capacity 
In U.S.A, soils with higher CEC or organic matter content 
can receive more heavy metals (Jacobs, 1981; Younos, 1983 ； Lake, 
1987 ； Page et al. , 1989) . This basis was challenged as different 
uptake of Cd from growth media having the same CEC was found 
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(Hinesly et al. , 1982). Phytotoxicity was not observed either, 
when metal loading rates exceeded those recommended in the CEC 
standard (Chang et al. , 1983; Hinesly et al • , 1984; Vlamis et 
al., 1985). 
2.3.2 Zinc Equivalent Concept 
In the U.K., the "zinc equivalent concept" was employed to 
predict metal toxicity till the end of the 1980' s. It is supposed 
that the toxicity of Cu:Ni: Zn is 2:8:1 on a weight basis, and 
that the toxicities are additive (Lake, 1987)• However, a 
detailed study showed that phytotoxicity of Ni in near-neutral 
soil might be over-estimated by this concept, and only when two 
or more elements occurred at hypercritical concentrations then 
additive effects are neccessarily considered (Davis and Carlton-
Smith, 1984). 
Table 2.4 "Trigger" concentrations of heavy metals (mg/kg) in the 
redevelopment of contaminated land. 
End-use 
Zootoxic metals Aqirculture Amenity, etc. 
As 10 40 
Cd 3 15 
Cr 600 1000 
Pb 500 2000 
Hg 1 20 
Se 3 6 
Phytotoxic metals Any use where plants are grown 
Extractable* Total 
B 3 3 
Cu 50 180 
Ni 20 85 
Zn 130 1000 
* B - hot water, Cu, Ni, Zn - EDTA 
Source: Department of Environment (1983) and Williams (1984), quoted in Hall 
et al., (1986). p.48. 
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A less restrictive guideline in the U.K. was designed for 
application on restoration and amenity sites (Table 2.4). Since 
the end-use of these areas is merely to keep green, metal 
addition is not a vital concern (Hall et al•, 1986). 
2.4 Effects of Sludge on Soil Chemical and Physical Properties 
Sludge owes much of its beneficial effects on soil to its 
nutrient and organic matter content (Hall et al. , 1986). It 
governs the chemical and physical properties, and some biological 
activities of the resultant sludge-soil mixtures. 
2.4.1 Chemical Properties 
The contribution of sludge to soil nutrients was widely 
reported. The most important nutrient are nitrogen and 
phosphorus, which may be supplied in inorganic form from liquid 
digested sludge, or released from the organic fraction of 
digested cake sludge (Water Research Centre, 1985)• A study in 
U.K. confirmed that the release of N and P was sustained over the 
four years after application of sludge, which made sludge 
particularly effective in revegetating derelict soils (Coker et 
al. , 1982) . The total P, K, Mg and Ca level were still maintained 
higher than the original soil 16 years after sludge application 
(Palazzo & Reynolds, 1991) . The increase of soil N, P, and 
exchangeable cations like K, Mg, Ca and Na attributable to sludge 
application were reported in many studies (Angle et al., 1981; 
Day et al. , 1987; Wong, 1990; Fresquez et al. , 1991) . On the 
other hand, there were also examples that sludge contained 
relatively little total or exchangeable K (Soon et al., 1978a; 
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Jacobs, 1981; Hernandez et al. , 1991). Carbon:nitrogen ratio was 
rarely mentioned in studies, but it was found to be reduced from 
45.6 in the sandy soil to around 10 after sludge treatment, which 
was a more favourable one for microbial activities (Wong, 1990)• 
The rate of supply of these nutrients, like in other organic 
materials, depends on the mineralization rate of the sludge-soil 
mixtures (Epstein, 1978)• In general, mineralization rate is 
controlled by pH, soil type, aeration and microbial activities. 
With particular reference to sludge, it also depends on the type 
of treatment process it received (Serna, 1992) • For instance, 
sludge stabilized with lime is alkaline in reaction while the ‘ 
digested one is biologically stable. 
Apart from the desired nutrient enrichment from sludge, 
soluble salts and electrical conductivity (EC) might be 
excessively increased over the original soil levels (Berry, 1985; 
Day et al. , 1987; Wong, 1990�• Since these parameters were 
relatively less understood, their effects on the soil-plant 
system had not been well defined. 
Sludge application had been reported to increase pH of 
different soil types. This direct effect on pH was always related 
to the previous lime treatment on the sludge (Epstein et al,, 
1976; Soon et al. , 1978b; Angle et al. , 1981; Palazzo & Reynolds, 
1991). A reduction of soil pH was found when the applied sludge 
had a high N : base (K+Na+Ca+Mg) ratio, which was probably due 
to acidification during the nitrification process (King & Morris, 
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1973). 
Organic matter from sludge is also a determining factor on 
the chemical properties of the sludged soil. Since anaerobic 
digestion of sludge leave behind rather stable organic matter 
like humic substances (sub-divided into humic acid, fulvic acid 
and humin on the basis of their solubility in alkaline extracts), 
they are resistant to microbial decomposition (Terry et al., 
1979), and have large total surface area. The existence of 
considerable amount of negative charges on these surfaces provide 
adsorption sites for nutrient cations and hydrogen ions (Foth, 
1991). Therefore, this stable organic matter of sludge has a 
major contribution to the CEC of the sludge-soil mixtures. Also 
due to this property, cations are less subjected to leaching, and 
pH is buffered against rapid changes (Hall et al. , 1986; Tadesse, 
1991) . The CEC of the sludged soil is of vital importance in 
determining the extent of heavy metal adsorption by the solid-
phase constituents, hence, the extent of their solubility (Lake, 
1987). This is the basic theory for allowing high heavy metal 
dosage on soils with high CEC. Moreover, heavy metals may be 
bound to the humic substances through relatively weak 
electrostatic forces, or strong covalent bonds that result in 
stable chelation. Stability constants for heavy metals indicate 
that complexation to soil humic substances are ranked in the 
order of Pb > Cu > Ni > Zn > Cd. In the long term, heavy metals 
I 
may be immobilized by forming very stable organo-metallic 
complexes (Lake, 1987). Hence, the interactions between heavy 
metals and the organic matter from sludge and soil are important 
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to the metal availability (Zimdahl & Foster, 1976)• 
2.4.2 Physical Properties 
Organic matter from sludge also have a lot of beneficial 
effects on the physical properties of the sludged soil. Because 
sewage sludge contains microorganisms like bacteria and fungi, 
which are inactive or even absent in disturbed soil, addition of 
sludge will innoculate abundant microorganisms to the soil. The 
microorganisms will act on the organic matter from sludge as food 
and energy sources, and subsequently release nutrients for plant 
utilization (Younos, 1983). More important is that the secretion 
from the bacterial and fungal activities, and their dead remains 
provide the binding agents that cement soil particles into 
aggregrates (Swift, 1991). If the lime-treated sludge is applied, 
soil bacterial activities will be stimulated t>y the raised pH. 
Hence, faster decomposition of organic matter is expected. 
However, in the long, run, the structure stability of the soil 
will be increased as Ca contributed to the flocculation of soil 
particles (Morel & Guckert, 1983). As a result, aggregate 
stability of the soil is improved and with higher resistance to 
wind and water erosion. With an improved soil structure, bulk 
density was found reduced (Hall & Coker, 1983； Tester, 1990), 
total soil porosity was increased which favoured aeration and 
water infiltration (Guidi et al. , 1983). Increased available 
water holding capacity was also widely reported (Tester, 1990; 
Hall & Coker, 1983; Coker et al. , 1982). Root penetration 
resistance was also decreased (Tester, 1990). Since sludge 
particles are fine-grained, they are most compatible for use with 
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coarse soil (Vigerust, 1983). 
Exceptions from the benefits were also reported. The water 
stability index was found varied negatively with rainfall (Guidi 
et al., 1983). No significant improvement was observed on 
aggregate stability, pore volume and humus content (Furrer & 
Stauffer, 1983), and on bulk density and organic matter 
percentage (Short & Patterson, 1979a)• 
The important relationship between soil physical properties 
and root growth was emphasized, as healthy root development not 
only affect the transport of nutrient and water, but it might 
also induce inhibitory signal to the leaves if soil physical 
conditions were adverse (Passioura, 1991; Bathke et al•, 1992). 
It may be difficult to separate the beneficial effects 
between the improved chemical properties and physical properties 
from sludge amendment, nevertheless, improvement on soil nitrogen 
status (Danneberg et al. , 1983) , crop and grass root yields were 
undoubted facts (Hall & Coker, 1983； Danneberg et al•, 1983). 
2.5 Effects of Sludcre Application on Vegetation 
2.5.1 Germination 
Delayed germination of barley and ryegrass seeds in sludge-
amended soil was found (Wollan et al. , 1978) . The lag-period was 
sludge-dose dependent and found to relate to very high heavy 
metal concentrations. Delay effect was greatest in fresh sludge 
mixtures when organic matter decomposed rapidly. The reduced 
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oxygen tension in soil favoured the formation of volatile 
inhibitors like ammonia and ethylene. Reduced root elongation was 
also found by Wong et al. (1981). Later on, it was pointed out 
that the retardation of root elongation was overwhelmed by the 
toxic effects of heavy metal during the later stage (Wong et al •, 
1983) . Another study suggested that the negative relation between 
germination and sludge application rate was of salt-induced 
nature (Naylor, 1987). 
Ammonium volatilization took place mainly during the first 
few days after application (Beauchamp, 1978)• Thus, it was 
advised to use pre-germinated seeds or well-exposed sludge 
mixtures to avoid such adverse effects (Wollan et al•, 1978). 
2.5.2 Grass Growth 
Grasses establish successfully in a wide range of soil I 
conditions, and vary in responses to nutrient supply (Lunt, 
1972). 
The uniformity, density, texture, growth habit, smoothness 
and colour are the basic components of turfgrass quality (Beard, 
1973). Yield may not represent the quality of turfgrass, but 
factors that increase yield are also those important to quality. 
It was suggested that ratio of plant nutrients influences grass 
quality whereas the rate of application affects maximum 
vegetative growth (Goss, 1972). 
Turfgrass establishment in sludge-amended soil had been 
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studied (Angle et al., 1979, 1981; Fresquez, 1991). The rate of 
establishment, general appearance, total yield and growth rate 
were improved. They all resulted from better physical properties 
and sustained nutrient effects (Hall et al. , 1986). However, sod 
pulling strength was reduced because of lower soil bulk density. 
Athletic field application is thus less desirable (Angle et al •, 
1979). 
It was found that grasses generally accumulated more metals 
than cereal grains (Lake, 1987)• On the other hand, it was 
reported that grasses are less sensitive to soil heavy metals 
(Hall et al., 1986). It was also ascertained that most 
monocotyledons absorbed less heavy metals than the dicots do, 
though with exceptions (Sauerbeck, 1991)• Hence, the limits of 
sludge application can be set higher for non-agricultural end-
uses (Hall et al., 1986). 
2.6.1 Choice of Heavy Metals for Study 
Not all metals found in sludges received equal attention in 
land application. Limits of addition for copper, cadmium, nickel, 
lead, zinc and chromium were included in most guidelines (Tables 
2.3 and 2.4), as these metals generally occur in sludge at much 
higher concentrations than in soil. 
Cadmium 
Sludge-born cadmium, especially from industry, is likely 
to give the greatest detrimental impact on agricultural land 
(Hall et al., 1986; Foth, 1991). Animal toxicity level in crops 
* 
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may be reached before the onset of phytotoxicity. Cadmium is not 
essential to human diet, and its cumulative toxic effect can 
damage the human metabolic function (Page et al. , 1981)• Cadmium 
mostly accumulates in the leafy vegetables which may contaminate 
the food chain (Page et al. , 1981; Lake, 1987) . Thus, it receives 
widest concern in heavy metal studies (Street, 1978; Hinesly, 
1982; Jackson & Alloway, 1991; Seaker, 1991; Chui, 1992). 
Chromium 
Chromium pollution is mainly the result of industrial 
activities like dyeing, tanning and plating. Though trace amount 
of chromium was found essential to human metabolism, it may be 
toxic to plant growth (Hewitt, 1979; Peterson & Girling, 1981). 
Chromium uptake and translocation mechanism is not well 
understood because of the uncertainty about its speciation in 
different systems (Davies & Jones, 1988). A detailed review on 
Cr species, their relative toxicity and location of accumulation 
had been prepared (Peterson & Girling, 1981). 
Chromium accumulation by barley seedlings was favoured by 
low soil pH (Dowdy & Larson, 1975). Chromium accumulates mainly 
in the root, and only a very small fraction (< 1%) is transported 
to the above-ground part (Reisenauer, 1982). It is suggested that 




The origin of lead pollution in soil is mostly anthropogenic 
including gasoline combustion, agricultural sprays, mining and 
sewage sludge application (Page & Ganje, 1970; Burau, 1982). 
Lead compounds are mainly deposited on soil surfaces 30 to 50 m 
from the roads (Davies & Jones, 1988) , and remain in the plow 
layer for long period of time (Seaker, 1991). 
Liming sharply increases Pb adsorption in soil, such as 
through adsorption on hydrous oxides and precipitated as 
carbonate. Soil organic matter may also contribute to the 
retention of Pb (Brady, 1984； Davies & Jones, 1988). All these 
factors account for the limited Pb uptake by crops. 
Increase in Pb uptake was reported for crops grown in 
activated sludge-amended soil of relatively low pH and organic 
matter content (Cheung & Wong, 1983), while liming had reduced 
its uptake (Davis & Jones, 1988) . Most of the absorbed Pb was 
retained in the roots (Jones et al., 1973) . Phytotoxic effects 
of high lead concentration were mainly on the metabolic 
activities of the plant (Koeppe, 1981). 
Locally, common bermudagrass grown on roadside soil was 
found to have developed Pb tolerance with reference to their root 
lengths (Wong & Lau, 1985). 
Copper, Nickel and Zinc 
Copper, Nickel and Zinc are grouped as phytotoxic metals in 
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the guideline (Table 2.4). They also share some common properties 
with respect to the method of analysis (Baker & Amacher, 1982)-
Therefore, they were often described together in researches 
(Bloomfield & McGrath, 1982; Adams & Sanders, 1984; Davis & 
Carlton-Smith, 1984; Day et al. , 1987). While their availability 
in soil generally increases with decreasing pH, the specific pH 
thresholds were in the order of 4.5, 5.8 and 6.3 for Cu, Zn and 
Ni, respectively (Adams & Sanders, 1984)• 
Copper usually ranges between 10-40 mg/kg in soils and 2-20 
ug/g in plants (Bear, 1957)• Copper is an essential micronutrient 
which forms stable organic complexes, thus its availability is 
often limited rather than in excess (Lepp, 1981; Davies & Jones, 
1988)• However, in highly acidic soil with very little organic 
matter, copper toxicity occurred in foliage, but more adverse in 
root. Copper toxicity caused reduced growth, stunted root 
development, and also symptoms of phosphorus deficiency and iron 
chlorosis (Reuther, 1957). 
Organic complexation of zinc is not as severe as Cu (Davies 
& Jones, 1988). As a plant micronutrient, Zn deficiency is of 
great concern to agriculturalists. Inhibition on Zn absorption 
by Ca, Mg, K, Na and H, competitive inhibition by Cu, and 
phosphorus-induced Zn deficiency were reviewed (Collins, 1981)• 
Zn accumulation was most active in the foliage and vegetative 
tissues (Sommers & Nelson, 1981)• This pattern was also found in 
tissues of sludge-treated vegetable crops (Wong, 1990)• Toxicity 
symptoms were similar to that of Cu (Reuther, 1957； Collins, 
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1981). 
Nickel usually ranges between 10-40 mg/kg in soils and 0.5-2 
ug/g in plants. It is toxic to plants�at relatively low 
concentrations (Bear, 1957). Toxicity symptoms vary but include 
the almost white oblique banding in oats and barley (Hewitt, 
1979)• Though Ni is not yet accepted as an essential nutrient to 
plant, its nutritional significant role of Ni in some plants and 
micro-organisms was reviewed (Davies & Jones, 1988； Hewitt, 
1979). 
2.6.2 Factors Governing Heavy Metal Availability 
Heavy metals can exist in various physicochemical forms 
according to the chemical properties of the individual metal and 
sludge (Lake, 1987). For instance, substantial amount of Cd and 
Zn were releasd under moderately acidic and oxidizing conditions 
(Gaitibrell et al. , 1991). 
It was reviewed that the soluble and exchangeable heavy 
metals generally accounted for less than 10% of the total content 
in anaerobically digested sludges (Lake, 1987)• The availability 
of sludge-derived metals was found to be in the decreasing order 
of (Cd+Zn)>(Ni+Cu)>(Pb+Cr) (Sauerbeck, 1991). This trend matches 
that for the water-extractable metals (Lake, 1987). Among the 
heavy metals, Cd was found to be more readily absorbed by plant 
than Cu (Cavallaro & McBride, 1978). 
As widely reported, acid soil had much less ability to 
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retain heavy metals than the neutral soil (Cavallaro & McBride, 
1978)• Moreover, heavy metal uptake was higher from sandy soil, 
especially after acidification (Sauerbeck, 1991)• In a study, 
soil treated with sludge had a more constant pH while a sandy 
loam soil enriched with the equivalent amount of heavy metal in 
sludge showed a clear pH drop, and caused higher heavy metal 
uptake in the wheat. This finding suggested that sewage sludge 
had a buffering capacity on pH changes (Tadesse et al., 1991). 
Calcium and magnesium are found to have inhibitory effects 
on Zn and Cu adsorption due to competition for the exchange sites 
on soil colloids (Zhu & Alva, 1993) . The same effect had been 
reported before, and this situation is intensified in acid soils 
(Cavallaro & McBride, 1978). 
Above all, as pH affects adsorption equilibria and the redox 
potential (Lake, 1987), it is more important than organic matter 
content in determining metal availability (Sauerbeck, 1991)• With 
the relative ease of pH adjustment and measurement, controlling 
heavy metal availability through manipulation of soil pH is 
highly reasonable and practicable. 
2.6.3 Effects of Lime on Sludge-Amended Soil and the Heavy Metal 
Availability 
When lime is added to the sludged soil, it reduces the 
active acidity first by neutralizing the free H+ ions in the soil 
solution. After then, potential acidity (H+ and Al^ "*") from 
various absorbed forms enter the solution to retain the ions 
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equilibrium. Total acidity of the soil is subsequently reduced 
as H+ and Al3+ from the colloid surfaces were gradually replaced 
by Ca2+ or Mg2+ in lime (Allaway, 1957; Tisdale & Nelson, 1970). 
Commonly used limes include calcitic and dolomitic limestone 
(Korcak et al., 1979； Costigan et al,, 1982). Some sludges are 
lime-stabilized during treatment and can act as liming agent to 
soils (Little et al., 1991). 
Liming adds Ca or Mg as macronutrients to soil. It also 
favors nitrification, nitrogen-fixing and balancing of organic 
matter content at pH 6-6.5 (Tisdale & Nelson, 1970). As recalled 
from section 2.6.1, the six heavy metals will change to 
physicochemically less available forms at higher pH. Therefore, 
a near neutral pH was recommended to balance the suppression of 
toxic metals and availability of nutrients (Adams & Sanders, 
1984). 
With excessive liming, temporary iron and phsophorus 
deficiency occurred as a result of complexation with Ca and Mg 
(Costigan et al., 1982). Due to the low buffering capacity 
against pH changes, sandy soil needs less lime to reach the same 
pH while excessive lime will cause nutrients deficiency (Tisdale 
& Nelson, 1970). 
2.6.4 Assessing Available Sludge-borne Heavy Metals 
As challenged by Lake (1987) and Petruzzelli (1989) , the 
total metal limits stated in guidelines may not reveal the actual 
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threat of the sludge-borne metal to the soil-plant system. Hence, 
methods were developed to assess the available amount of heavy 
metal in soil. 
In laboratory studies, chemicals are used to extract heavy 
metals from soils to simulate uptake by plants. Free metal ions 
are extracted by water, cation-exchangeable ions by alkaline or 
alkaline-earth metal solution like KNO3, and the organically 
complexed or adsorbed ions by organic complexing agents like DTPA 
to immitate the root exudate reaction (Petruzzelli, 1989)• 
The most common metal extractant used for sludge-amended 
soils are double acids (0.05N HCl in 0.25N H2SO4), O.IN HCl and 
DTPA (Sommers & Nelson, 1981)• DTPA was originally designed to 
extract Cu, Zn, Mn and Fe from neutral or calcareous soils 
(Lindsay & Norvell, 1978), and was later adopted to extract Cd, 
Pb, Ni and some others elements in acid soils (Sommers & Nelson, 
1981). Variations in soil type, soil:extractant ratio, extraction 
time, soil temperature, pH and strength of stability constants 
of different heavy metals will all lead to different 
extractability (Petruzzelli, 1989). 
DTPA-extractable heavy metal concentrations often correlated 
well with that in plant tissues (Xiu et al. , 1991; Jackson & 
Alloway, 1991; Kelling et al. , 1977; Latterell et al. , 1978; 
Korcak & Fanning, 1978； Street et al. , 1977； Mitchell et al., 
1978) although exceptions were also noted (Korcak et al. , 1979). 
The exact percentage of total heavy metals extracted still 
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depends on the plant species grown, soil and sludge properties 
(Sommers & Nelson, 1981)• 
Recently, a simple field test precedure was developed to 
predict roughly the soil heavy metal behaviour in situ. The 
method concentrates on assessing the metal binding capacity of 
the soil, which depends on the already-established knowledge like 
the physiochemical properties of the heavy metals and their 
relative binding strength to the soil, and the characteristics 
of soil pH (by potentiometrically in suspension), humus content 
(by color) and texture (by manual test) (Blume & Brummer, 1991)• 
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Chapter 3 
6ERMINATIOH AND SEEDLING GROWTH OP BERMUDAGRASS IN SLUDGE-
AMENDED SAND AND CDG 
3.1 Introduction 
One use of sludge on land is to prepare seed bed for the 
germination and subsequent growth of grass. 
Sludge contains organic matter and a wide range of 
nutrients. Thus, sludge-amendment may keep the soil mix 
environment moist and aerated, which is very essential to seed 
germination. It also provides both instant and slow-released 
nutrients like nitrogen and phosphorus to support seedling 
growth. However, sludge also possesses the potential risk of 
heavy metal phytotoxicity, which may pose harm to the 
particularly sensitive germination and seedling growth stages. 
In the present experiment, sewage sludge was employed as an 
organic amendment material to simulate the following aspects of 
local hydroseeding: 
1. The use of common bermudagrass to revegetate bare ground, 
2. The seeding rate of 25 gm/m^, and 
3. The use of sand and CDG as growth substrates. 
Since sphagnum peat is the commonly used organic amendment 
material in soil mix preparation, results derived from sludge-
amended substrates will be compared with those from peat 
amendment. 
Findings of this experiment will answer the following • 
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questions: 
1. w i l l bermudagrass germinate in the sludge-amended substrates? 
2. What effects sludge have on the biomass growth of bermudagrass 
seedlings? 
3. Are heavy metals present in the sludge phytotoxic to 
bermudagrass? 
4. Do sand and CDG substrates behave differently with respect to 
biomass growth and heavy metal uptake? 
5. Is sludge a viable substitute for sphagnum peat in soil mix 
preparation, and if so, what will be the optimal sludge 
loading rate for the germination and growth of bermudagrass? 
3.2 Experimental Design 
The germination experiment was conducted from mid-April 
through May, 1992 in a glasshouse in the Tai Lung Crop 
Experimental Farm of the Agriculture and Fisheries Department at 
Sheung Shui. 
Sand and CDG were procured from a local commercial supplier, 
and then screened through a 3mm mesh sieve. Filter-pressed 
anaerobically digested sewage sludge (25% solid by weight), 
collected from the Yuen Long Sewage Treatment Plant, was broken 
up into small crumbs when fresh. Sand and CDG were separately 
mixed with 0, 7.5, 15 and 30% (v/v) sludge. Germination trays, 
each measuring 29 * 21 * 11 cm^, were filled up with the prepared 
growth substrates to a bulk density of approximately 1.5 gm/cm^. 
Sphagnum peat was likewisely mixed separately with sand and CDG 
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in the same ratios for comparison. All treatments were replicated 
three times. Substrates were watered with deionized water to 
field capacity. 1.5 gram of hulled bermudagrass seed were evenly 
sown onto each tray which was then lightly watered and left to 
germinate in the glasshouse. 
Each tray was watered daily with deionized water. The 
initial day of germination (defined as the emergence of the leaf 
sheath) and the visual pattern of seedling growth were noted for 
qualitative comparisons. No attempt was made to count the number 
of germinated seeds and to measure the seedling height because 
they were too numerous and densely grown^. 
The growth substrates were sampled for chemical analysis 
before seed sowing. They were air-dried, ground and screened 
through 2 mm and 0.25 mm plastic mesh sieves, respectively. All 
substrates were analyzed for chemical properties: pH, 
conductivity (1:2.5 w/v soil-water ratio, glass electrode and 
platinum electrode, respectively), exchangeable potassium, 
magnesium, calcium and sodium (ammonium acetate pH=7, Atomic 
Absorption Spectrophotometer (AAS)), total nitrogen (macro-
Kjeldahl oxidation method) and total phosphorus (Molybdenum blue 
method, reduced in ascorbic acid, Shimadzu UV-160A visible 
recording spectrophotometer)• Value of organic carbon (Walkley-
Black method) was multiplied by a factor of 1.74 to give the 
organic matter content (Chaney et al., 1984). 
4 There are about 6840 common bermudagrass seeds in 1.5 gram 
(Beard, 1982) • The present seeding rate is equivalent to 25 gin/iti2 
adopted in hydroseeding. 
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Plant available heavy metals, cadmium (Cd), chromium (Cr), 
copper (Cu), nickel (Ni), lead (Pb) and zinc (Zn) were 
approximated by extracting the soil mixtures in Diethylene-
triaminepentaacetic acid (DTPA) (Lindsay and Norvell, 1978). 
Modification on the recommended shaking procedure was neccessary 
because of the limitation in equipment. Ten grains of air-dried 
2 mm soil mix was placed in 100 ml HNOg-washed plastic bottle, 
and shaked in 20 ml of DTPA extracting solution on a horizontal 
shaker with 2 cm stroke at a speed of 420 cycles/min. Shaking was 
prolonged to 3 hours. The suspensions were left to stand 
overnight before being filtered through Whatman no. 44 filter 
paper. Five grains of pure sludge and peat were shaked in 40 ml 
extracting solution to counteract their high water-absorption 
characteristic. Filtrates were analysed for Cu, Zn and Pb by 
flame AAS, while Cd, Cr and Ni were analysed by graphite furnace 
AAS. DTPA was used to prepare blank and standards to counteract 
background interferences when measuring Ni and Cr. 
Orthophosphoric acid (2%) was added as modifier in measuring Cr 
(2:1 (v/v) modifier:sample solution). 
Grasses were harvested by destructive sampling method five 
weeks after sowing and then washed under tap water to remove 
large debris. Fine-washing in deionised water was carried out in 
the laboratory to ensure complete removal of substrate materials 
from the root systems. Washed grasses were then oven-dried at 
85°C for 48 hours and weighed. The biomass reported here 
represented the total biomass of the grass as no attempt was made 
to separate the foliage from the root due to the aforementioned 
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technical difficulties. Moreover, isolation of the fine root 
tissues would probably lead to substantial loss of biomass. 
Dried plant materials were homogenized in a stainless steel 
Moulinex grinder and stored in 50 ml plastic bottles. Plant 
materials were extracted by mixed acid digestion method 
(HC104:HN03:H2S04 in 2:10:1 volume ratio) for the analysis of 
heavy metals (Allen et al., 1974). Digests were analysed for Zn 
by flame AAS, Ni and Cr by graphite furnace AAS, and Cu, Pb and 
Cd using the Chemtronics Portable Digital Voltammeter. 
3.3 Experimental Results 
3.3.1 Seed Germination 
Germination in all treatments was noticed on the third day 
after seed sowing. Short plumules were found carpeting the soil 
surfaces. Germination performance was judged visually from the 
areal coverage of plumules, which possibly represented the 
readiness of germination in each tray. 
Initially, most trays have similar coverage. Only those pots 
added with 30% sludge had germinated seeds more sparsely 
distributed and covering a much smaller area. 
After the first week, all peat amendments seemed to support 
a more vigorous growth of germinated seeds than the controls. The 
effects of 7.5 and 15% sludge treatments were not much different 
from the controls while pots amended with 30% sludge had the 
least coverage. 
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This visual record was meant for reference only. Judgement 
without bias was difficult because of the variations in 
background substrate colour and seed distribution on the surface. 
3.3,2 Seedlings and Biomass Growth 
After the second week, seedlings of the sand control and 
peat-amended treatments were shorter than those grown in the 
sludge-amended substrates. Seedlings of the CDG control were of 
« 
similar height to the peat treatments, higher than those in 15 
and 30% sludge rates, but were obviously shorter than those of 
the 7.5% sludge treatment. In short, sand and CDG amended with 
7.5% sludge produced the highest seedlings. 
This trend of growth continued until harvest. Most seedlings 
in the sludged-substrates were dark green in colour (Plate 3.1 
and 3.3) , while those of the control and peat treatments were 
pale green to yellowish (Plate 3.2 and 3.4). 
The results of seedling biomass were summarized in Table 3.1 
and Fig. 3.1. Production at 7.5% and 15% sludge loading rates 
were double that in the sand control. However, 30% sludge 
amendment resulted in biomass comparable to that of the sand 
control and all peat treatments. No significant variations among 
the different peat treatments for sand was found. 
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Plate 3.1-3.4 
Seedlings production just before harvest (from seeding: 36 days). Trays were 
arbitrarily picked out from the three replicates. 
Plate 3.1 « … „ 
From left to right: Sand control, 92.5%:7.5% S:SL, 85%:15% S:SL, 70%:30% S:SL. 
Note the much greater biomass production and darker green colour from the 
sludge-treated trays. Production reduced prominently with increasing sludge 
rate. 
了 -〜、：：「―‘： "《 , —】 
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I Plate 3.2 
From left to right: Sand control, 92.5%:7.5% S:P, 85%:15% S:P, 70%:30% S:P. 
Note the short seedling height and the yellowish green colour. Some of them 
turned brown and died. 
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Plate 3.3 
From left to right: CDG control, 92.5%:7.5% G:SL, 85%:15% G:SL, 70%:30% G:SL. 
Note the greater biomass production and darker green colour from the sludge-
treated trays. Production reduced with increasing sludge rate. 
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Plate 3.4 — 
From left to right: CDG control, 92.5%:7.5% G:P, 85%:15% G:P, 70%:30% G:P. No 
particular improvement of biomass production and grass colour by peat was 















































































In CDG substrates, the 7.5% sludge amendment had 
significantly increased the biomass over the other treatments. 
Biomass from the 15 and 30% sludge treatments were not 
statistically different from other treatments while the 30% 
sludge amendment rate yielded the lowest biomass. Growth from all 
peat treatments were comparable to the control. 
Table 3.1 Seedling Biomass (grams) for the different treatments. Values in 
parenthesis are standard deviation. Means from the same substrate sharing the 
same letter are no七 significantly different at p<0.05 level by B-Tukey 
Multiple Range Test. (n=3). 
S:P S:SL GjJP G:SL 
100:0 2.57a 4.82^^ 
(Oil 丨、 (0.40) 
92.5:7.5 2.41^ 5.42^ 5.33^ 7.38� 
(n 叫 (n.sfi) (n.?fi) (1 -fi^ ) 
85:15 2.59a 4.92b 4.49^^ 5.10^^ 
(n. ) (n.q-^ ) (n.s?) (O.fifi) 
70:30 2.79a 2.93a 3.85^^ 3.29a 
10.7^ ) /�-”� f� 
In general, all CDG substrates supported higher seedling 
biomass than the corresponding sand-based treatments. In both 
substrates, the low amendment rate of sludge (7.5%) produced 
obviously greater biomass and taller grasses over the controls 
while high amendment rate (30%) resulted in biomass and height 
growth comparable to or even lower than the control counterparts. 
Biomass growth did not vary with peat amendment rates. 
3.3.3 DTPA-Extractable Heavy Metals 
Heavy metals in the soil substrates were extracted with DTPA 
chelating agent. These extractable metals provide an 
approximation to the amount available to plant absorption. 
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Tables 3.2 (a-f) “ 
DTPA-Extractable heavy metals of different substrates. Values in parenthesis 
are standard deviation. Means from the same substrate sharing the same letter 
are not significantly different at p<0.05 level by B-Tukey Multiple Range Test 
(n:3). 
Table 3.2a Cadmium (ug/kg) 
Ratio S:P S:SL G:P G:SL 
(v/v) I 
1 0 0 : 0 1 7 . 0 1 ^ , 1 4 ” 6 . ” a 7 只 、 _ 
92.5:7.5 18.68a 26.53^^ 9.38^^ 10.42^^ 
{ 么 - ” 》 ( ? . ? 1 ) ( 1 . 3 1 ) ( 0 . 6 7 ) 
85:15 22.98a 34.83^ 10.11让 20.38^ 
(1 -”� (n.7?) (n.R3) 
70:30 34.36b 62.45'= 15.39^^ 55.61^ 
fo ftft) (Q-QQ) p n q� fA nfi) 
Table 3.3b Chromium (ug/kg) 
Ratio S:P S:SL G:P G:SL 
(v/v) I 
100:0 10-21^ n.7R^ 6.25 二 '…^ ^；： ^ 
92.5:7.5 10.19^ 18.28^^ 4.48^ 5.65^ 
(n Rfi) (O Qft) (? . 7*^ ) (1 • fi?) 
85:15 8.78a 26.43^ 3.80^ 7.97^ 
(1 .18) (?•叫 (1 •？fi) (n_?4) 
70:30 11.85^ 37.84^ 6.11^ 17.32^ 
叫 p-fii� （n-qq， 门-ft4� 
Table 3.2c Copper (mg/kg) 
Ratio S:P S:SL G:P G:SL 
(v/v) 丨 1 
100:0 0.1” ••I” '�-�4� 
92.5:7.5 0.24^ 14.35^ 0.16^ 3.73^ 
(nm ) (1.90) (n.n?) (n.fi7) 
85:15 0.28^ 28.70C 0.19^ 13•37^ 
(n.04) n.qi) (n.n?) (n.qfi) 
70:30 0.32^ 61.35^ 0.27^ 54.22^ 
(n nv (11 fn n?) p ftO) 
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Table 3.2d Nickel (mg/kg) 
Ratio S:P S:SL G:P G:SL 
(v/v) II I • ' 
100:0 0-03^ ,n屬 0.04a ,。 
92.5:7.5 0.08a 0.65^ 0.08^ 0.43^ 
(n ni ) (n.n7) (O.ni ) (0.1?) 
85:15 0.13a 1.34c 0.18^ 0.80^ 
(n ni) (n.in) (n.m ) (O.nfi) 
70:30 0.30^ 2 . 9 3 d 0.36b 3.83^ 
f^ "^� fn-fi7� m m) f�.i9� 
Table 3.2e Lead (mg/kg) 
Ratio S:P S:SL G:P G:SL 
(v/v) 
100:0 (0.08� 31.63= 7^.56^  
92.5:7.5 0.81^ 1.04b 26.29^^ 21.56^ 
{n OQ) (n.n^) (n.77) 
85:15 1.46^® 1.33cd 22.77^ 23.14^ 
(n.TS) (0.10) (0.11 ) (n.fis) 
70:30 1.16bc 1.64® 23.70^^ 25.01^^ 
11 ' n ” � f n n ? ) • f 1 a a ) I ' 1 • A n ) 
Table 3.2f Zinc (mg/kg) 
Ratio S:P S:SL G:P G:SL 
(v/v) 丨 I 
100:0 1.02^ / �� q� 6.38 让 广 qfi� 
92.5:7.5 1.86a 20.79^ 4.31^ 13.61^ 
(1 OR) (?,q 飞） (n. (?_47) 
85:15 1.25a 41.67^ 4.40^ 29.00^ 
(n.s4) c^ .f^ )^ (n.RR) (^ .OR) 
70:30 1.62a 88.25^ 4.22^ 108.84^^6,8 








































































































































































































































































































































































































































































































DTPA-extractable heavy metal concentration of sand, CDG, sludge and peat. 
Values in parenthesis are standard deviation (n=3). 
Sand CDG Sludge Peat 
Cd (ug/kg) 17.01 6.84 915.12 89.18 
(^ .4?) (?.7R) (T^ n.fi?) (??•”) 
Cr (ug/kg) 10.21 6.25 576.20 120.40 
(1.78) (1.5” (nq.ifi) 
Cu (mg/kg) 0.18 0.15 1154.79 2.34 
(n.m ) (0.04) (1R1 .Sfi) (n.DR) 
Ni (mg/kg) 0.03 0.04 86.50 3.69 
(n.on) (n.m ) (?.?o) (O.n) 
Pb (mg/kg) 0.61 31.63 7.16 6.11 
(n.nR) (4.07) (0.17) 
Zn (mg/kg) 1.02 6.38 1736.54 13.15 
fn IQ) f^ -Qfi} "：^… 
Cadmium concentration generally increased with peat and 
sludge amendment rates in both the sand and CDG substrates (Table 
3.2a and Fig. 3.2a). It doubled the sand control (17.01 ug/kg) 
at 15% sludge and 30% peat amendment rates, and quadrupled at 30% 
sludge addition. In CDG substrates, 30% peat, 15% and 30% sludge 
loading rates resulted in 2, 3 and 8 times more Cd over the 
control (6.84 ug/kg), respectively. 
Chromium level was generally higher in sand than in CDG 
(Table 3.2b and Fig 3.2b)• Sludge amendment increased Cr in sand, 
and the increase was proportional to loading rates. The effect 
was less profound in CDG substrates where all the amendments, 
except 30% sludge rate, had no significant effects on Cr level. 
Peat amendment had no effect on Cr level in both substrates. 
The patterns of Cu, Ni and Zn were very similar (Tables 
3.2c,d,f and Figs. 3•2c,d,f)• Increasing sludge rates distinctly 
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increased their levels in both substrates. The increases followed 
the sludge loading rates. On the contrary, peat did not elevate 
any of these metals in any treatment. 
Lead level in sand was raised by both amendments, but the 
magnitude was negligible when compared to the background Pb level 
of CDG (Table 3.2e and Fig. 3.2e) . Sludge and peat also had lower 
Pb level than CDG. Organic amendment on CDG resulted in lower 
level probably because of dilution effect. 
In short, most of the sludge treatments elevated the DTPA-
extractable heavy metal concentrations in soil mixtures. 
Elevations were more remarkable at high sludge loading rate, 
probably because of the extraordinarily high metal content of 
sludge (Table 3.3) . Peat, having far less heavy metals, generally 
had no such comparable effect. Except for lead, all heavy metal 
levels were higher in the amendment material than in the base 
substrates. Extractable Cd and Cr were higher in sand and sand-
based substrates, Pb and Zn were higher in CDG and CDG-based 
substrates, while Cu and Ni were comparable in both mixes. 
3,3.4 Total Heavy Metals in Plant Tissue 
Measuring the plant heavy metal concentrations was the most 
direct way of monitoring the effects of sludge amendment. 
In sand substrates, there were no differences in plant 
cadmium for the control and peat-amended treatments (Table 3.4a 
and Fig. 3.3a). On the contrary, plant Cd was reduced in all the 
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sludge treatments. Similarly, plant Cd from all peated CDG and 
control did not differ. However, sludge treatment had 
significantly increased Cd uptake 3 to 7 times over the control, 
though the concentrations were not proportional to loading rates. 
Plant chromium varied between 28.79 and 62.82 ug/g in the 
sand substrates, and 21.79 and 48.48 ug/g in the CDG substrates. 
These variations were not significantly different among the 
control and the amended treatments (Table 3.4b and Fig. 3.3b). 
No discernible pattern of Cr uptake could be summarized as the 
standard deviations were rather large relative to the means. 
Tables 3.4 (a-f) 
Heavy metal concentration of seedling tissues. Values in parenthesis are 
standard deviation. Means from the same substrate sharing the same letter are 
not significantly different at p<0.05 level by B-Tukey Multiple Range Test 
(n=3). 
Table 3.4a Cadmium (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) I I 
100:0 1-33^ 0•广 b _ 
92.5:7.5 1.2lbc 0.79^^ 0.74^^ 2.90^� 
(n,i7) (n.?4) (1 .49) 
85:15 1.45c 0.45a 0.59a 5.56d 
(n-9'^) (0.05) (0.09) (1 ) — — 
70:30 0.99bc 0.32^ 0.44^ 3.07^ 
…”） 'n-�A) fn OR) /n "：^^ 
Table 3.4b Chromium (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) I I 
100:0 50,03^ (1 … � 47.3” .^gc^� 
92.5:7.5 39.49a 62.82^ 39.64^ 48.48^ 
pq (??.m) 
85:15 28.79^ 45.94^ 41.81^ 39.62^ 
(7.7fi) (?.nfi) 
70:30 35.56^ 40.23^ 21.79^ 40.63^ 
f 冗 、 7 � / n - 1 ” fc；”、 "， - i i ) 
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Table 3.4c Copper (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) I 
100:0 19.13^ )8.9ia ” � 
9 2 . 5 : 7 . 5 1 6 . 6 1 ^ 1 0 3 . 7 3 ^ 1 4 . 9 5 ^ 1 3 2 . 7 1匕 
(1 f^i) pQ (^.HR) C^^tOS) 
85:15 17.46^ 125.72b 18.32^ 186.77^ 
{1 -Oft) (40.7?) (n.qq) (fi•明) 
70:30 14.96^ 160.85^ 21.41^ 342.60^ 
f，-fl7� fM-”) ”仏-fti� 
Table 3.4d Nickel (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) 丨 I 翌 
100:0 24.02a , � � � � 22.26?c “ ” � 
92.5:7.5 19.77^ 27.94^ 17.82^^ 35.07^^ 
(11 .67) (q.^ ?) ~ 
85:15 14.64a 26.10^ 19.02^^^ 37.43^^ 
(?.明) (0.9?)_ 
70:30 18.71^ 34.13^ 12.47^ 53.14^ 
(in. ^ fi) (Q Afi) f? iQ] fi'^ .nf,} 
Table 3.4e Lead (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) 
100:0 0»87^ 丨 0.15� 94.27d ,10.52� 
92.5:7.5 0.97a 2.84a 64.52^^ 75.69^ 
(n fi” (0.84) (l?.'!?) 
85:15 1.97a 1.08^ 41.55ab 58.62^^ 
(1 n” (0. Ifi) (in.fifi) 
70:30 1.11^ 1.97a 33.79a 30.42^ 
fn-nQ) n-A9� f^  ft^) /fi-… 
Table 3.4f Zinc (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) I I I I 
100:0 130.94a ,”-ifl� 181.66^ 
92.5:7.5 110.453 342.84b 192.81^ 698.77^ 
(14.19) (80.10) (90.03) C^d.^R) 
85:15 147.25a 373.26^ 231.20^ 900.35^ 
(11 .n?) (69.??) (114. (??.明) 
70:30 122.53^ 657.93^ 193.76^ 1241.40^ 


































































































































































































































































































































































































































































































































































































































































The pattern of zinc uptake was again similar to that of 
copper (Tables 3.4c,f and Figs. 3.3c,f). No significant 
differences in plant Zn and Cu level were found in all the peat 
amendments and their corresponding controls. However, sludge 
addition had profoundly raised their concentrations over the 
control and peat counterparts. A general increase of uptake with 
rate was observed, but was mainly confined to high amendment rate 
only. This was probably because of the small sample size and 
large standard deviations within group. 
Though plant nickel levels were not significantly different 
among all the sand-based treatments, uptake was less in peat 
substrates, and more in the sludged counterparts (Table 3.4d and 
Fig. 3.3d). This pattern was also noted in CDG substrates, but 
the 30% sludge rate significantly raised plant Ni over the 
control and its peat counterpart. 
Plant lead level did not vary among the sand-based 
substrates (Table 3.4e and Fig. 3.3e). A completely different 
picture was found in CDG substrates, where the plants from the 
control had the highest Pb level. Lead uptake in seedlings was 
significantly reduced with increasing organic amendment rates of 
peat and sludge. This was probably due to the dilution of Pb 
content in CDG substrates. 
In short, plant heavy metal uptake from sludge amendment was 
elevated in both the sand and CDG substrates for Zn and Cu; only 
in CDG for Cd and Ni; similar to the sand control for Ni and Pb, 
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comparable to both controls for Cr; and reduced in CDG for Pb and 
in sand for Cd. Plant metal uptake from most peat treatments, 
however, were generally comparable to or less than those from the 
controls and their sludge counterparts. 
3.3.5 Chemical Properties of the Soil Substrates 
Tables 3.5 and 3.6 summarized some of the chemical 
properties of the sand and CDG substrates. The pH of sand, CDG, 
peat and sludge were 8.63, 4.95, 4.30 and 6.13, respectively. 
Since peat was more acidic than CDG, it acidified the CDG 
substrates further. Peat also increased the acidity of the sand 
substrates. On the other hand, sludge amendment reduced the 
acidity of CDG and reduced the alkalinity of sand. As a whole, 
sludge addition resulted in more neutral substrates than alL 
corresponding control and peat treatments. 
Electrical conductivity (EC), a measure of the concentration 
of anions, was highest in the pure sludge (2520uS)• Sludge 
amendment markedly increased the EC of the substrates, and the 
values generally increased with the loading rates. Peat, with 
only 116 us, did not alter significantly the EC of both 
substrates. 
The organic matter content of sludge (61.16%) and peat 
(76.40%) contrasted strongly with those of sand (0.12%) and CDG 
(0.92%) . Sludge, except for the 7.5% amendment rate in CDG, 
significantly raised the level of organic matter above those of 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































organic matter level were higher than those of the control and 
their sludge counterparts, and the magnitude of increase was 
proportional to the loading rates. 
As no chemical fertilizer was added in this experiment, 
nutrients required for seedling growth were provided by the 
organic amendment and by the base substrates. 
Nitrogen is one of the most important nutrients for plant 
growth. Total nitrogen was found to be 4.536% in sludge and 
0.745% in peat. Values for sand and CDG were 0.007 and 0.033%, 
respectively, which were much lower than either amendment 
material. There was a general increase in nitrogen level with the 
addition of more peat and sludge. Despite the large differences 
between the nitrogen level of sludge and peat, the dicrepancy 
i j between their amended substrates was not of this order. It was I 
j noticeable that peat and peat treatments had much wider C:N 
I I ratios (>30 in both substrates) than those of sludge and sludge 
i treatments (<17 in both substrates). 
Phosphorus is also an important macronutrient for plant 
growth. The total reserve in sludge (1.334%) doubled that of peat 
(0.711%) . Sand and CDG had only 0.166 and 0.131% phosphorus, 
respectively. Sludge amendment on both substrates, however, did 
not raise the phosphorus level over the control and the peat 
counterparts. 
•f 
i . s 
! ‘ • 
The soil exchangeable cation content is a general indication 
52 
of the plant available nutrient level. The potassium and sodium 
levels were higher in CDG than in sand. Potassium level in the 
sand substrates was significantly higher only at the 15 and 30% 
sludge loading rates. In CDG substrates, none of the treatments 
had any discernible effect on the K level. Sodium level was 
remarkably and proportionately raised by sludge. Similar effect 
was not observed in the peat amendment. 
Background magnesium and calcium levels were higher in sand 
than in CDG. Except at 30% sludge rate, neither sludge nor peat 
amendment had any significant effects on the magnesium level in 
\ 
sand. In CDG, sludge obviously increased the Mg level with 
I 
increasing loading rates. Peat amendment rates of 15 and 30% 
yielded comparable Mg concentrations to the 7.5% sludge 
treatment. In sand, all amendments raised Ca level above the 
control treatment. Contribution of Ca from peat was comparable 
to the sludge counterparts at 7.5 and 15% amendment rates, but 
；f 
I the Ca level from the 30% sludge treatment was particularly high. 
In CDG, a different picture was observed. Though sludge also 
raised Ca with higher loading rates, the increase was of much 
I 
i 
smaller magnitude than in sand. Peat had virtually no effects at 
any rate. 
Though sludge contained 11 to 84 times more exchangeable 
cations than peat, the differences in the resultant cation 
concentrations of the amended substrates were much smaller than 
this order of magnitude. 
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3.4 Discussion 
Seedling growth and bioinass production are dependent on (1) 
germination success, (2) nutrient supply, (3) heavy metal 
availability and uptake, and (4) textural characteristics of the 
substrates. 
3.4.1 Germination 
Seed germination is the primary stage for grass 
establishment. The process involves imbibition and osmosis of 
water so that the seeds soften, swell and secret enzymes. Upon 
enzymatic digestion, carbohydrates and protein reserves in seeds 
are translocated to the actively growing parts of the germinating 
seed such as the radicle and plumule. The radicle emerges from 
the seed first, then followed by the plumule. When plumule 
reaches light, chlorophyll-bearing tissue is formed. 
I Photosynthetic process then starts and the seedling enters the 
] • 
( establishment phase (Beard, 1973). 
I ! I ] 
j 
I The environmental conditions for good germination of grass 
I i i 
I are (1) adequate water supply, (2) favourable temperature, (3) 
I 
I oxygen supply, and (4) exposure to light (Beard, 1982)• Since 
i i 
common bermudagrass is a warm season grass, it germinates readily 
at 21-3 5°C and germination is enhanced by exposure to light. 
Maintaining a moist soil surface zone at all time is also one of 
the most critical practices for seedling growth (Beard, 197 3) • 
At low sludge amendment rates and for all the peat 
treatments, the addition of organic matter helped keep the soil 
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medium moist, thus favoured the germination of seeds. On the 
other hand, the adverse effects at high sludge amendment rate 
were more profound. This pattern could be due to three factors. 
Firstly, it is well documented that the negative relation 
between germination and sludge application could be salt-induced 
(Naylor, 1987). The electrical conductivity of the sludged 
substrates was significantly higher than the control and the peat 
counterparts (Tables 3.5 and 3.6). For instance, sludge amendment 
rate of 30% resulted in an EC 15 times that of the control. The 
osmotic potential (MPa) of a substrate solution is equivalent to 
I 
-0.04 * electrical conductivity (mS). The greater the EC value, 
the more negative the potential, and the greater the 
j physiological drought the seeds will experience (Rowell, 1988). 
i Although bermudagrass is a salt-tolerant grass, a different 
i requirement by the seeds should be considered. Sludged substrates 
had much lower water potential, hence seed imbibition and 
i softening of the seed coat could be hindered, and germination i 
i , 
success would be inevitably affected. 
Secondly, it had been suggested that when fresh sludge was 
incorporated into the soil, organic matter decomposition was so 
rapid that oxygen tension in the soil medium might be reduced. 
This environment favoured the formation of ammonia and ethylene 
which were volatile inhibitors of seed germination (Wollan et 
al., 1978). This finding was supported in a study on vegetable 
growth, although inhibition on germination was found temporary 
only (Wong et al. , 1981). In fact, strong ammonium smell was 
55 
noticed during the preparation of the soil substrates, showing 
that ammonia volatilization was taking place. The presence of 
these inhibitors and the reduced oxygen supply in the micro-
environment might have accounted for the poor germination in 
sludge treatments, especially at high rate. 
Lastly, the heavy metal content of sludge might also 
account for the failure. A lag-period of barley and ryegrass 
seeds germination was found related to the heavy metal 
concentrations, which was largely sludge-dose dependent (Wollan, 
et al., 1978). Tables 3.2 (a-f) and Figs 3.2 (a-f) showed that 
j sludge treatments of 30% rate resulted in exceedingly high levels 1 
I 
of DTPA-extractable heavy metals. Although the actual mechanism 
of metal-induced delay or inhibition was not understood clearly, 
it could be postulated that heavy metals interfered the enzymatic 
activities that release nutrient reserves from within the seeds. 
Hence, some seeds could not survive because of the initial 
starvation of carbohydrates and proteins before they could 
perforin photosynthesis. 
3.4.2 Nutrient Effect 
The pattern of biomass production was similar in the sand 
and CDG substrates (Table 3.1 and Fig 3.1). Biomass production 
was markedly increased over the controls by the 7.5% sludge 
treatment, but it became less productive at higher sludge rate. 
At the 30% sludge amendment rate, biomass was only comparable to 
the controls. Biomass production was not improved by any peat 
treatments. 
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The macronutrients of N, P, K, Mg and Ca for the peated and 
sludged substrates were recorded in Tables 3.5 and 3.6. Their 
roles in plant growth was summarized in Table 3.7. Sludge 
amendment generally resulted in higher concentrations of cationic 
nutrients. Exceptions were noted for K in CDG- and Mg in sand-
based substrates in which their levels in the control substrates 
were already quite high. Peat amendments only increased Ca and 
I Mg over the controls, but the net increase was less than those 
i 
from the sludge ainenditients. 
Total nitrogen (TKN) is one of the important indicators of 
I soil fertility, but it turned out to be scarce in all treatments. 
•3 
j Peat seemed to have produced similar level of TKN with sludge, 
j especially at high amendment rates. Similarly, total phosphorus 
i. 
( , 
Table 3.7. Essential macronutrient elements and their role in plant growth. 
Element Role in Plants 
i 
Nitrogen (N) Constituent of all proteins, chlorophyll, 
and in coenzymes, and nucleic acids. 
Phosphorus (P) Important in energy transfer as part of 
adenosine triphosphate. Constituent of many 
proteins, coenzymes, nucleic acids, and 
metabolic substrates. 
Potassium (K) Little if any role as constituent of plant 
compounds. Functions in regulatory 
mechanisms as photosynthesis, carbohydrate 
translocation,protein synthesis, etc• 
Calcium (Ca) Cell wall component. Plays role in the 
structure and permeability of membranes. 
Magnesium (Mg) Constituent of chlorophyll and enzyme 
activator, 
Source: Foth, (1991). p.187. 
(TP) level did not vary among the treatments, including the 
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controls. Therefore, sludge amendment did not seem to perforin 
better than peat on nitrogen and phosphorus supply as was usually 
believed. 
In fact, there was a delay of laboratory analysis on TKN, 
TP and organic carbon (OC) for more than half a year due to some 
limitations in equipment provision. Tables 3.5 and 3.6 showed 
that the peat-amended substrates contained more OC while TP and 
TKN are similar between the two mixes. Since sludge still 
recorded a much higher N level than peat after storage (4.357%), 
its initial C:N ratio would not be much different from the 
measured value of 8. On the contrary, peat had C:N ratio as wide 
as 58, which was far from the favourable ratio for soil microbial 
activities. This suggested that mineralization would be more 
I 
favourable in substrates amended with sludge than with peat. 
I Therefore, it is reasonable to assume that TKN, TP and OC had 
been underestimated as some of them were lost during storage 
i 
through mineralization, and the underestimation was greater for 
the sludge treatments than for the peat counterparts. Moreover, 
the grass grown in the sludged substrates was always more dark 
green in colour than those from peat treatments. This was 
probably the result of adequate nitrogen uptake for the 
production of chlorophyll (Plates 3.1-3.4). Besides the slow-
released nitrogen from mineralization, seedlings might also 
absorb ammoniacal-N that dissolved in soil water during the 
initial volatilization from fresh sludge. 
On the contrary, the wide C:N ratios associated with the 
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peat treatments might have induced a nitrogen starvation period 
for several weeks, which was long enough to be deleterious to 
seedling growth (Tables 3.5 and 3.6). Though peat treatments 
contained more TKN and other nutrients than the controls, the 
slow rate of mineralization might have limited the release of 
nutrients to the seedlings. Moreover, although bermudagrass can 
survive in a pH range around 5.5 to 7.5, the high acidity 
associated with the peat-amended CDG might have restricted the 
availability of such nutrients as N, P, K, S, Ca, Mg and Mo 
(Foth, 1991) • Thus, the bioinass of bermudagrass grown in the 
peat-amended substrates is either comparable or even inferior to 
those of the controls. The leaves are pale green to yellow in 
！ 




I In summary, sludge amendment provided more favourable soil 
j chemical properties for seedling development than peat and the 




I i • 
I 
i • 3.4*3 Heavy Metal Availability From Substrates 
I 
Extractable heavy metal, rather than the total amount, was 
analysed to elucidate the pattern of uptake by the seedlings. 
With the pH of the extractant buffered at 7.3, the pattern of 
extraction for all the heavy metals among the different 
treatments was quite similar except for Pb (Figs. 3.2). In 
general, extractable heavy metals increased with sludge loading 
rates. Zinc, Cu and Ni exhibited a similar pattern on extraction, 
being in line with the "zinc equivalent concept". However, 
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extractable heavy metals varied greatly in concentrations, 
ranging from ng/g (Cd and Cr) to hundreds of ug/g (Zn)• 
Among these metals, Cu and Zn are identified micronutrients 
for plant. Copper has its role as catalyst for oxidase activity 
of ascorbic acid, influences metabolic reaction and is essential 
for the formation of iron porphyrin and precursor of chlorophyll 
(Sauchelli, 1969) • It was inherently low in soil derived from low 
Cu parent rock like granite, or in heavily leached sandy soil. 
Moreover, Cu can be easily complexed organically, especially when 
the soil pH is raised. Copper deficiency occurs if the soil 
I extractable concentration is <0.2 mg/kg (Davies & Jones, 1988). 
As shown in Table 3.2c, sand and CDG had less than 0.2 mg/kg 
extractable Cu, while those of the peat amendments were only 
marginally above this threshold level. Moreover, symptoms of Cu 
deficiencies like palish green leaves, leaf tips curl and pale 
I yellow tips (Sauchelli, 1969) were observed from bermudagrass 
i i I grown in the peat and control treatment plots (Plates 3.2 and 
I 
I . 3.4). 
The role of Zn in plant nutrition includes catalyzing the 
oxidation process in cells, transformation of carbohydrates, 
increase in energy source for the production of chlorophyll, 
formation of growth-promoting compounds and promotion of water 
absorption and so on (Sauchelli, 1969) . Zinc may also be 
organically complexed, but to a lesser extent than Cu. Zinc 
deficiency may be associated with peaty soil, leached acid sandy 
soils and alkaline soils (Davies & Jones, 1988) • Deficiency 
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syprotoms were characterized by chlorosis and stunted growth 
(Sauchelli, 1969) . With only 1.02-6.38 itig/kg extractable Zn in 
1 
the control and peat treatments (Table 3.2f), poor seedling 
growth was postulated on this account. 
Other heavy metals were generally not classified as 
essential micronutrients for vascular plants (Foth, 1991), Their 
presence in the substrates is unlikely to benefit grass growth; 
instead, they might cause phytotoxicity. 
3.4.4 Heavy Metal Uptake by the Seedlings 
3.4.4.1 Uptake Efficiency 
The tissue concentrations of all metals under investigation 
were higher than the amount extracted by DTPA. The uptake 
efficiency, which was defined here as the metal concentration in 
j tissue / the metal concentration extracted from the substrate by 
i DTPA, varied for each metal. 
！ i i 
j The uptake efficiency for Pb was the lowest among all the 
1 
metals, being in the range of 1 to 3 for all treatments (Tables 
3.2e and 3.4e) . This suggested that bermudagrass did not 
！ 
accumulate lead or that the entry of Pb into the plant was 
hindered by some mechanisms. 
Although it had been reported that both lead and chromium 
were less soluble and available to plant (Davies & Jones, 1988; 
Sauerbeck, 1991), chromium uptake in bermudagrass seedlings was 
different. The uptake efficiency varied between 1,000 for the 30% 
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sludge-amended sand and 10,000 for the 15% peat-amended CDG 
(Tables 3.2b and 3.4b) . It was also pointed out that Cr in plants 
was usually less than 1 or 2 ug/g dry matter even when growth was 
reduced by toxicity (Davies & Jones, 1988)• In the present 
experiment, toxicity symptom was not noted even when the average 
tissue Cr concentration was higher than 2 ug/g. Therefore, 
bermudagrass actively uptakes Cr against the concentration 
gradient, and was probably tolerant of Cr. 
The highest uptake efficiency for Cu was around 100, and 
coincided with the controls (Tables 3.2c and 3.4c). The values 
were, however, lowered in all the amended substrates. The pattern 
for Ni was similar, as the highest efficiency of 800 and 560 were 
found in the sand and CDG controls, respectively (Tables 3. 2d and 
3.4d). 
Zinc uptake efficiency was also high in the sand control 
(Tables 3.2f and 3.4f)• The efficiency dropped in treatments with 
high extractable metal levels. Highest Cd uptake efficiency was 
280 in the 7.5% sludged-CDG, which decreased with increasing 
rates of amendment (Tables 3.2a and 3.4a). Nonetheless, Cd was 
relatively available for uptake (Sauerbeck, 1991), and it was 
mobile regardless of the oxidizing, acidic or alkaline conditions 
(Fergusson, 1990). 
In view of the above patterns, heavy metal uptake efficiency 
of bermudagrass was in the descending order of: 
Cr> Cu, Zn, Cd, Ni> Pb. 
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As of other chemical extractants, DTPA has its own 
limitations in ascertaining metals available for plant uptake. 
I For instance, while extractable Cr increased with sludge loading 
\ \ rates, the actual uptake was not significantly different among 




I One possible explanation for this discrepancy was the pH. 
The pH of the DTPA extractant was buffered at 7•3 while the pH 
of the substrates varied from acidic to alkaline (Tables 3.5 and 
3.6). Moreover, the interactions between elements and between 
soil and root would affect their uptake into the plant. Such 
！ 
complications were definitely not simulated in the DTPA 
extraction process. For examples, Cd uptake was much reduced in 
the presence of such competitive ions as Zn, Mn and Ca; Ni uptake 
was suppressed by liming because of pH control and the presence 
of antagonistic Ca ions (Leeper, 1978)• Metal uptake was also 
enhanced by the confined roots in pots, while the extraction of 
heavy metals by DTPA would not be affected by this factor. 
The discrepancy between extraction and uptake suggested that 
DTPA extractant was not capable of, at least for some elements, 
predicting the amount and the pattern of heavy metal uptake by 
bermudagrass. 
3.4.4.2 Amount of Heavy Metal Uptake 
Lead uptake was minimal from the sand substrates (Table 3. 4e 
and Fig. 3.3e), probably because sand, peat and sludge had 
relatively low levels of extractable Pb. The much higher uptake 
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in the CDG substrates matched the pattern of extractable Pb. As 
expected, the control treatment recorded the highest uptake while 
peat and sludge amendments reduced uptake due to dilution effect 
on the CDG. Since Pb is not essential for plant growth, the 
I reduction in uptake of Pb and biomass growth with increasing 
j sludge loading rates are not interrelated (Figs. 3.1 and 3.3e). 
•！ 
I The magnitude of Cr uptake was similar among all the treatments 
and because of large standard deviations within groups, the 
j pattern did not match the biomass production (Figs 3.1 and 3.3b)• 
Cadmium uptake was reduced by sludge amendment in sand 
substrates (< 1 ug/g) but increased from 0.7 to 2.9 and 5.6 ug/g 
in CDG likewisely amended with sludge (Table 3.4a and Fig. 3.3a) • 
It is documented that elevated Cd level in plant rarely shows 
phytotoxicity but might already be dangerous to animals and human 
consumption (Davies & Jones, 1988). Fortunately, local growth of 
bermudagrass is not for grazing purpose. 
The patterns of Cu, Ni and Zn uptake were more discernible 
and generally increased with sludge loading rates (Figs. 
3.3c,d,f). In a 16-year revegetation practice on acidic dredge 
disposal site with grasses (Palazzo and Reynolds, 1991), plant 
Ni concentration was 2.3-3.0 ug/g (DTPA-extractable Ni <5 mg/kg), 
plant Cu was <10 ug/g (extractable Cu 66 mg/kg) and plant Zn was 
74-291 ug/g (extractable Zn 66 mg/kg). While the extractable 
heavy metal levels were comparable to the findings of Palazzo and 
Reynolds (1991), the plant uptake was much higher in this 
experiment. Nickel concentration was around 20 mg/kg in the 
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control and peat treatments, and reached 34 and 53 mg/kg for the 
30% sludge-treated sand and CDG, respectively (Table 3.4d). 
Copper level was higher than 100 mg/kg from all the sludge 
treatments, reaching 342 mg/kg at the 30% sludge—amended CDG 
(Table 3.4c) . Zinc uptake was already high in the control and 
peat treatments (with respect to the extractable levels), and 
increased further to 657 and 1241 ug/g for the 30% sludge-treated 
I , 
I sand and CDG, respectively (Table 3.4f). Thus, the much higher 
I heavy metal uptake obtained in this experiment could be due to 
！ 
i 
at least two factors: one was the difference in species, though 
i 
I 
I both studies employed grasses; the other was the different stage 
of plant growth as seedlings may carry out intensive uptake while 
lacking the mechanism to protect itself against metal toxicity. 
With respect to Cu and Zn as micronutrients, their uptake 
from the control and peat-amended pots showed that deficiency was 
not as critical as suspected from the extractable concentrations 
(section 3.4.3) . The uptake of Cu and Zn in sludge treatments 
would no doubt ameliorate their deficiencies in the original 
substrates. However, the level of uptake was obviously more than 
needed by the grass, resulting in the occurrence of phytotoxicity 
which would offset the other benefits of sludge. The more or less 
stepped increase of Cu, Zn and Ni uptake just coincided with the 
stepped reduction of bioinass (Figs. 3.1, 3.3c,d,f), suggesting 
that the seedlings suffered phytotoxicity from these metals. 
The amount of metal uptake from sand-based substrates was 
generally lower than from the CDG counterparts, and the increase 
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with sludge loading rates was likewisely less profound. This 
might well be explained by the suppression of the availability 
of some metals like Cd, Ni and Zn under high pH conditions 
characterizing the sand substrates. The larger reserve of 
exchangeable Ca in the sand substrates could also contribute to i I 
I the antagonistic reduction of metal uptake. That Cd uptake was 
I increased in CDG but not in sand was most probably due to these s i 
effects. Sludge addition also resulted in higher substrate pH 
than peat did; however, the high heavy metal content of sludge 
had an overriding effect on the metal availability. 
3.4.5 Textural Characteristics 
In sand substrates, as discussed before, metal uptake by 
bermudagrass was less intense, pH was neutral which favoured the 
provision of macronutrients, and most other chemical properties 
were comparable to those of the CDG. However, seedling biomass 
from sand was invariably less than those from the CDG 
counterparts (Table 3.8). 
Table 3.8. Mean seedling biomass (gm) for the 14 sand and CDG substrates. 
Values sharing the same letter are not significantly different at the p<0.05 
significance level by B-Tukey's Multiple Range Test. (n=3). 
Types of mixture 
Ratio (% v/v) Sand:Peat Sand:Sludge CDG:Peat CDG;Sludge 
lOOiO 2.57 a 4.82 ab 
92.5:7.5 2.41 a 5.42 Jb 5.33 b 7.38 c 
85:15 2.59 a 4.92 Jb 4.49 aJb 5.10 aJb 
70:30 2.79 a 2,93 a 3.85 ab 3.29 a 
Therefore, the discrepancy was unlikely due to differences 
in organic amendment； rather, it was a result of the inherent 
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properties of sand and CDG. -
Textural analysis showed that sand had 94.4% sand and <2.8% 
clay, while that of CDG were 57 and 26.4%, respectively (Table 
3.9). The clay minerals of the highly weathered granite (CDG) are 
dominated by kaolinite which, although quite permeable to water 
j 
when compared to other clay minerals (Foth, 1991), still possess 
I the ability to retain water. On the contrary, the water holding 
I capacity of sand is extremely poor, thus affecting germination 
I and seedling growth. 
i 
！ • 
i Table 3.9. Textural characteristics of sand and CDG. (n=2). 
I Sand (%) Silt (%) Clay (%) 
Sand 94.4 2.8 
CDG 57.0 16. 6 26.4 
In addition, sand substrates are structureless. Sand 
particles were coarse and loose, constituting at least 70% of the 
total volume of the soil mixes. The nutrient holding capacity is 
adversely affected by the low percentage of clay particles. 
Though the nutrient content of sand and CDG substrates were 
similar initially, the leaching loss during the growth period 
might be greater in the sand mixes. These factors explained why 
the sand substrates did not sustain seedling growth as CDG did 
during the experimentation (Plates 3.2 and 3.4). 
3.5 Cone Ills ions 
Based on the above findings, the following conclusions could 
be drawn: 
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1. Bermudagrass seeds could germinate in sludge-amended sand 
and CDG. At low amendment rate of 7.5%, sludge benefited 
germination by maintaining a moist medium. At high rate of 
30%, germination was delayed or inhibited possibly because 
of the high salt content, presence of volatile inhibitors 




2. Bermudagrass seedling growth was supported by sludge 
I 
I amendment. The improved pH conditions,enriched organic 
I 
matter and narrower C:N ratios improved mineralization, 
I 
nutrient supply and nutrient retaining capacity. Hence, 
i 
I 
seedlings benefited greatly from the potential nutrients 
contained in sludge. This advantage was not found in peat 
amendment because of its much wider C:N ratios and acidic 
reaction. , 
3. Seedling growth was impaired by heavy metal phytotoxicity, 
which tended to offset the benefits mentioned in point (2) 
above, especially at high sludge amendment rate of 30%. The 
pattern of accumulation was largely in the order of: 
Cr> Cu, Zn, Ni, Cd> Pb. Among these metals, Ni, Cu and Zn 
were found to reduce growth while the effect of Cd was not 
as definite. 
4. Heavy metal uptake was more intense in the sludge-amended • 
CDG substrates than in the sand counterparts. Seedling 
biomass production, however, was lower in sand than in CDG 
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substrates• 
5. Overall, sludge amendment rate of 7. 5% benefited germination 
and seedling growth in sand and CDG. It is a viable 
substitute for sphagnum peat in seed bed preparation, 
j provided that the tissue heavy metal content is not a 









GROWTH AMD HEAVY KETAL UPTAKE BY BERMUDAGRASS GROWN IN SLUDGE-
AMENDED SUBSTRATES 
4.1 Introduction 
Common bermudagrass can reproduce either through seed 
] 
！ germination or vegetative propagation. In the previous chapter, 
1 the effects of sludge on germination and seedling growth had been 
studied. The study is relevant to establishment of the grass on 
I 
slopes by hydroseeding. On the other hand, vegetative propagation 
of the grass is often employed in golf course, bowling green, 
race track and so on, where the root zone mix contains organic 
I amendment. It is generally believed that vegetative growth is 
less sensitive to environmental stress than establishment by 
germination. In this experiment, the effects of sludge on the 
vegetative growth and heavy metal uptake of bermudagrass were 
studied. 
As found in Chapter 3, sludge is both a potential soil 
conditioner and fertilizer. With respect to long-term grass 
growth, one notable value of sludge lies in its ability to supply 
the plant with nutrients. Less fertilizers are needed when the 
growth substrate contains sludge. However, the heterogenic 
composition of sludge often precludes its use as an amendment 
material in grass establishment. Two special features were thus 
highlighted in this experiment: 
1. The above-ground portion of the bermudagrass was harvested 
twice during the growth period (3 months) because: 
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a. It is usual for the grass to be mowed in turfgrass management. 
Although no attempt is made to simulate the actual height and 
frequency of mowing in this experiment, clipping of the grass 
may show whether it can withstand such a "physiological shock" 
j when grown in sludge-amended substrates. 
I 
I b. Recovery of the mown grass depends primarily on the amount of I 
I available nutrients. As the above-ground portion was harvested I j 
I twice, it would be possible to compare and contrast the 
I 
sustained nutrient effect of sludge and peat. 
2. The grass was separated into above-ground (leaf sheath and 
stem) and below-ground portions (rhizomes and roots) so as to 
j reveal the partition of dry matter and heavy metal 
i t: accumulation pattern. 
i j 
Findings from this experiment will answer the following 
questions: 
1. Will bermudagrass grow vegetatively in sand and CDG amended 
with sludge? 
2. What are the beneficial and adverse effects of sludge on the 
vegetative growth of bermudagrass? 
3. What will be the optimal sludge loading rate? 
4. Is sludge a viable substitute for sphagnum peat in soil mix 
preparation, and if so, under what conditions? � 
4.2 Experimental Design 
The growth and heavy metal uptake experiment was conducted 
from late October, 1991 to late January, 1992 in a glasshouse in 
the Tai Lung Crop Experimental Farm of the Agriculture and 
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Fisheries Department at Sheung Shui. 
Sand and CDG were procured from a local commercial supplier, 
and then screened through a 3 mm mesh sieve. Filter-pressed 
anaerobically digested sewage sludge (25% solid by weight), also 
/ 
collected from the Yuen Long Sewage Treatment Plant, was broken 
I' up into small crumbs when fresh. Sand and CDG were separately 
I 
j mixed with 0, 7.5, 15 and 30% (v/v) sludge. Plastic pots, each 
j measuring 2 0 cm in diameter and 16 cm in height, were filled up 
with the prepared growth substrates to a bulk density of 
approximately 1.5 gm/cm^. Sphagnum peat was likewisely mixed 
I separately with sand and CDG in the same ratios for comparison. 
I 
I All treatments were replicated ten times. An equal amount of 
bermudagrass sprig materials were planted into the pots to a 
depth of about 2 cm. Chemical fertilizers (Nitrophoska N:P:K:Mg 
12:12:17:2), at the rate of 2.6 gm/pot (equivalent to 10 giti 
N/m^/month) , were added to each pot to assist initial growth. The 
sprigs in pots were kept in the glasshouse and watered daily to 
approximately field capacity with de-ionized water. Temperature 
and light control were not avilable in the glasshouse. 
The grasses were harvested twice. The first clipping was 
carried out at the end of one and a half month from sprigging, 
in which only the above-ground portion (known as shoot biomass 
hereafter) was harvested. Stems of around 2 cm long from the 
substrate surface were left behind for subsequent re-growth. The 
second harvest was carried out at the end of another one and a 
half month‘s growth, in which destructive sampling was employed. 
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The harvest was sorted into above-ground and below-ground (known 
as root biomass hereafter) portions. All fresh shoot materials 
were immediately oven-dried at 85°C for 48 hours after 
harvesting. Oven-dried weights were recorded. Root materials were 
carefully washed with de-ionized water in the laboratory to 
ensure complete removal of tiny particles. They were then oven-
I dried and weighed in accordance with procedures for the shoot 
materials. 
I 
The growth substrates were sampled for chemical analysis i 
I 
j just before sprigging. Pure sand, CDG, peat and sludge were also 
included for reference use. These substrates were air-dried, 
grounded, analysed for total nitrogen, total phosphorus, 
exchangeable cations (K, Mg, Na, Ca) , organic carbon, pH and 
conductivity. DTPA-e^^tractable cadmium, chromium, copper, nickel, 
lead and zinc were also analysed. All the treatment and 
analytical procedures were the same as in the germination 
experiment (Section 3.2). All analyses were triplicated. 
Above-ground materials from the first and second harvests 
were ground and bulked into a single above-ground samples in a 
stainless steel Moulinex grinder. Plant root was likewisely 
ground. The root and the bulked above-ground materials were 
stored in 50 and 100 ml plastic vials, respectively. Heavy metals 
in plant tissues were analysed in accordance with the procedures 
described in the germination experiment. 
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4.3 Results 
4.3.1 Biomass growth 
The above-ground biomass (shoot biomass) was harvested 
twice, and the below-ground biomass (root biomass) once at the 
end of the experiment. From these three basic sets of data, total 
above-ground biomass, total plant biomass, root:shoot ratio and 
I second:first shoot biomass ratio were calculated. 
；j ‘ 
,j 
I The first shoot harvest was carried out after one and a half 
I 
I months‘ growth. It clearly shows that the grass can establish 
} I I rapidly by vegetative means. In sand, all treatments supported 
I greater growth than the control (Table 4.1a and Fig. 4.1a), i 
I although variations among the treatments were not significant. 
In CDG, biomass production was different from the sand. Most 
treatments did not improve biomass production over the control, 
except for the CDG amended with 30% peat. The CDG control also 
recorded higher shoot biomass than the sand. 
Secondary shoot production from sand- and CDG-based 
substrates were shown in Plates 4.1 and 4.2 respectively. The 
sludge-amended pots yielded larger biomass and darker green 
colour grass than the peat-treated counterparts. 7.36 gm shoot 
biomass was recorded in the sand control (Table 4.1b and Fig. 
4.1b). Sludge improved biomass production significantly with 
increasing loading rates, and a two-fold increase was found for 
the 15% and 30% amendment rates. Sludge treatments also doubled 
biomass production over the CDG control (7.63 gm) but the degree 
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Table 4.1-4.6 
Biomass growth (grams) for the different treatments. Values in parenthesis are 
standard deviation. Mean values from the same substrate sharing the same 
letter are not significantly different at the p<0.05 level by B-Tukey Multiple 
Range Test (n=10). 
Table 4.1a First above-ground (shoot) biomass 
SjJP S:SL G^P G;SL 
100:0 5.28a (，”) 7.35^^ (1-74� 
92.5:7.5 8.27b 8.99b 9.18bc 8.67^^ 
(1.70) (?.nn) (1.1ft) (1 • "^？) 
85:15 8.16b 10.36^ 8.10^^ 6.56^ 
(1 • F.1 ) (?.?1 ) (1 • ^ S) (1 .78) 
70:30 9.65b 7.71^ 10.07^ 8.14^^ 
M -� ” （1.33) (1 -ifi) (1-叫 
Table 4.1b Second above-ground (shoot) biomass 
S:P S:SL G:P G:SL 
100:0 7.36^ 丄 38� 7 a 丄二^、 
92.5:7.5 5.03a 11.41^ 7.28a 15.33^^ 
(n-7” (?.S7) (1.17) (O.lfi) ！ 
85:15 5.99^^ 14.15^ 6.90^ 14.49^ 
(1 .16) (?•明) (1 .08) (1 .？ )^ 
70:30 6.18^^ 16.56® 7.48^ 16.56^ 
(^ -Hft) 44� '1.87� 
Table 4 . 2 Total Above-ground (shoot) biomass 
SjP S:SL G^P G:SL 
100:0 12.64^ "-iQ} 14.97^ (i-ftn) 
92.5:7.5 13.30^ 20.39^ 16.46^^ 24.00^ 
(1 . S4) (4.?1 ) (1 .fi?) (1 .fiR) 
85： 15 14.15a 24.51^ 15.00^ 21.05^ 
(1 .40) (1 .?q) (1 . ) 


































































































































































































































































































































































Plate 4.1-4.4 .. 
Grass production before the second shoot clipping. Pots were arbitrarily 
picked out from the ten replicates. 
Plate 4.1 
Grasses grown in sand-based substrates. From left to right: Sand control, 7.5% 
peat (P), 15% P, 30% P, 7.5% sludge (SL), 15% SL and 30% SL treatments. Note 
the greater biomass production and the darker green in colour of grasses from 
the sludged—七rea七ed pots. 
• M i l 
Plate 4.2 
Grasses grown in CDG-based substrates. From left to right: CDG control, 7.5% 
peat (P), 15% P, 30% P, 7.5% sludge (SL), 15% SL and 30% SL treatments. Note 
the greater biomass production and darker green in colour of grasses from the 
sludge-treated pots. 
77 
of improvement was not proportionate to loading rates. Production 
from peat amendments was similar to or lower than those of the 
controls (Plate 4.3). In short, sludge seemed to sustain a better 
biomass growth than peat for both substrates (Plate 4.4). 
While little variations in biomass production were noted 
between treatments at the first harvest, the total shoot biomass 
was primarily dictated by that of the second harvest (Table 4.2 
and Fig. 4.2) . In both substrates, sludge amendment produced 
above-ground biomass 1.5 to 2 times higher than that of the 
controls. The degree of improvement, however, is not necessarily 
proportional to loading rates, especially in the sludge-amended 
CDG. Amendment of peat in both substrates resulted in minor but 
insignificant increase of the shoot biomass. 
The second: first shoot biomass ratio reflected whether there 
was a drop or increase of subsequent shoot growth (Table 4.3). 
With a ratio greater than 1, the second harvest was greater than 
the first one, and vice versa. The higher the ratio, the greater 
the increment was. Ratios in all the sludge treatments were 
larger than 1, which also seemed to increase with loading rates. 
With 30% sludge in sand and high amendment rates in CDG, the 
ratios were around 2, indicating that shoot biomass of the second 
harvest doubled that of the first one. All peat amendments 
resulted in ratios less than 1, indicating that shoot growth 
declined with time. 
In sand, root biomass production was similar among all the 
78 
Plate 4.3 , “ 
Grasses grown in peat-amended (P) sand (S) and CDG (G) substrates. From left 
to right: S control, G control, 7.5% P in S, 7.5% P in G, 15% P in S, 15% P 
in G, 30% P in S and 30% p in G. There were no distinct differences in biomass 
production and colour of grasses between sand- and CDG-based treatments. No 
variation with peat amendment rate was noted either. . 
Plate 4.4 
Grasses grown in sludge-amended (SL) sand (S) and CDG (G) substrates. From 
left to right: S control, G control, 7.5% SL in S, 1.5% SL in G, 15% SL in S, 
15% SL in G, 30% SL in S and 30% SL in G. Biomass production was greater and 
colour was darker green at higher sludge-amendment rates. No differences were 
observed between sand- and CDG-based treatments. 
p • 
^ M j M M • u^j 925. IS m s^^ ^^ Bzo： M 7n 
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Table 4•3 Second:first above-ground (shoot) ratio 
S:P S;SL GjP G;SL 
100:0 1.47, _ 
92.5:7.5 0.64^ 1.29^ 0.81^ 1.80^ 
(0,17)** * (Q.19)** i0.21)** 
85:15 0.78^ 1.41^ 0.88^ 2.45^ 
( Q , 3 2 ) * * ( 0 . 3 1 ) * * ( 0 . 23 ) * ( 1 . 0 3 ) * * —— 
70:30 0.64^ 2.18^ 0.74^ 2.09^^ 
(0.06�** m-：^：^、** m.11�** m.42，** 
First and second shoot biomasses are significantly different at *: p<0.05, ** ： 
p<0.01 levels or NS: not significant by Student‘s T-Test. 
Table 4.4 Below-ground (root) biomass 
SjP S^L G^P G;SL 
100:0 6.0 广 7.0 广 门、，、 
92.5:7.5 5.47ab 6.15^^ 6.99^^ 7.73� 
(n.7q) (?.n?) (i •叫 (i .fiM 
85:15 5.14a 6.88b 6.82^^ 5.16^ 
(n.fifi) (1 .SI) (1 • ?i) (1 • ifi) 
70:30 6.36ab 6.19^^ 8.40^ 5.39^^ 
m,QQ\ 丨门-iQ) fi in\ (n.RA) 
Table 4.5 Root : Shoot Ratio 
S:P S:SL G^P G:SL 
1 0 0 : 0 0 . 4 8 。 0 . 4 7。，。 -。 7、 
92.5:7.5 0.41^ 0.30^ 0.42^ 0.32^ 
(nnd) (O.nfi) (n.n^ ) (O-n*^ ) 
85:15 0.36^ 0.28^ 0.46^ 0.24^ 
(n.m) (n_n5) (n.nfi) 
70:30 0.40^ 0.26a 0.48^ 0.22^ 
fn nd) (H n^ i (n ng) f^  n” 
All root and shoot biomasses are significantly different at p<0.001 level by 
Student's T-Test. 
Table 4 . 6 Total Biomass _ = = = = = ^ 
S^P S:SL G:P G:SL 
100:0 18. 66^ M .qn) 22.02丑（、nQ� 
92.5:7.5 18.77a 26.54b 23.53^^ 31.74^ 
(?.i8) c^ .qi) n_”) 
85:15 19.29a 31.39c 21.87a 26.21^ 
(1 .q-^) (4.9^ ) (?. (?•化) 
70:30 22.19^ 30.46bc 25.95^ 30.10^ 





























































































































































treatments, being comparable to that of the control (Table 4.4 
and Fig. 4.3). In CDG, all peat treatments yielded root biomass 
comparable to the control. Root biomass was reduced by sludge 
amendment rates of 15% and 30%. � 
Root:shoot biomass ratio (R-T ratio) reflects the partition 
of dry matter in plant (Table 4.5). The higher the ratio, the 
I larger the root biomass was relative to the shoot. Sand control 
I 
had the highest R-T ratio. All peat amendments significantly 
reduced the ratio while sludge amendments further reduced it to 
only half of the control. In CDG, the effect of peat was 
comparable to the control while sludge reduced the R-T ratio with 
i • 
increasing loading rates. In short, sludge improved shoot biomass 
but reduced root growth. While peat was less detrimental to root 
growth, it adversely affected shoot growth. i 
5 
As root biomass only varied slightly between treatments, 
j 
total biomass growth followed closely the pattern of total above-
i . 
I ground biomass (Table 4.6 and Fig. 4.4). All sludge treatments 
far surpassed their peat counterparts and the controls in total 
biomass production. Peat had only raised the production over the 
controls by 19% the farthest. Sludge treatments significantly 
improved biomass growth by 42-63% and 19一44% over the sand and 
CDG controls, respectively. 
4.3.2 Heavy Metal Content of Plant Tissues 
Since heavy metal accumulation in plant is usually site 
specific, tissue metal analyses were separately carried out for 
82 
the above-ground and below-ground portions. 
4.3.2.1 Heavy Metal Content of the Above-ground Plant Portion 
Cadmium accumulation in above-ground tissues from all sand-
based treatments were similar, being in the range of 0.22-0.27 
ug/g (Table 4.7a and Fig. 4. 5a,b) • Peat amendment on CDG also had 
I no significant effects on the Cd level. Sludge amendments at 15 
！ and 30%, however, raised tissue Cd to about 1.5 times that of the 
control treatment. 
Tissue chromium from all peat and sludge treatments were 
I I separately comparable to their corresponding controls (Table 4.7b j 1 
j and Fig. 4.6a,b). Cr levels were not significantly different 
1 between loading rates for the peat and sludge treatments. Higher 
i 
丨 but insignificant levels of Cr were noted for the sludge-amended 
sand and peat-amended CDG substrates. 
j 
! The patterns of shoot copper and nickel accumulation were 
similar (Tables 4.7c,d, Figs. 4.7a,b and 8a,b). Sludge addition 
I raised tissue Cu and Ni levels above those of the control and j E 
I peat treatments, and these elevations were largely proportional 
I to loading rates. The highest Cu and Ni levels corresponded to 
the 30% sludge amendment, but the magnitude of increase was more 
I 
I pronounced in the CDG substrates. Peat amendment did not alter 
these metals with respect to the controls. 
Lead level varied within a narrow range of 0.34 (15% peat) 
to 0.69 mg/kg (30% sludge) among the sand based substrates (Table 
83 
Table 4.7 (a-f) 
Heavy metal concentration of grass shoots. Values in parenthesis are standard 
deviation. Means from the same substrate sharing the same letter are not 
significantly different at p<0.05 level by B-Tukey Multiple Range Test (n=10). 
Table 4.7a Cadmium (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) 
100:0 0.24^ … 0>34^ ,f^-�Q� 
92.5:7.5 0.24^ 0.22^ 0.33^ 0.29^ 
(n.n'S) (n.nfi) (O.nfi) 
85:15 0.26^ 0.27a 0.31^ 0.57^ 
(n.ns) (O.nfi) (n.nfi) (0.19)——一 
70:30 0.25a 0.24^ 0.31^ 0.49^ 
(0.04) m.DM (n.nft) •”� 
Table 4.7b Chromium (ug/g) 
！ Ratio S:P S:SL G:P G:SL 
I I (v/v) 1 1 
100:0 13.73^^ 
j 92.5:7.5 10.83a 14.93b 11.94a 10.53a 
(1 . n s ) ( ? . 4 i ) ( 4 . n f i ) (1 . ^ 4 ) 
85:15 11.63^^ 15.19b 13.11^ 10.19a 
(? ？n) (、？5) (?,汽 1) 
70:30 11.03^ 12.84^^ 12.28^ 10.87^ 
Table 4.7c Copper (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) I I I 
100:0 9.15a 8.13a (111) 
(JL^ 
92.5:7.5 8.62a 11.84^ 7.14^ 16.64^ 
(1,16) ( 1 . 8 5 ) a > 5 8 ) (1 . 9 9 ) _ 
85:15 8.34a 14.77c 7.59a 20.77b 
(1.33、 (1»59) 11,12) ( 3 , 7 0 ) _ 
70:30 8.50^ I6.47C 6.43a 29.03c 
(3,59) n -Dft) ( " 7� （in.�” 
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Table 4.7d Nickel (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) 
1 0 0 : 0 5 . 4 0 ^ 。乂 1、 3 . 8 2 ^ , … 、 
92.5:7.5 3.59^ 7.55^ 3.82^ 10.23^ 
(0.?9) ： (1 .qR) (1 .qs) (1 .q?) 
85:15 4.25^ 8.41^ 4.68^ 11.52^ 
(n.R'S) <?.Fn) (1 .nfi) (?• i4) 
70:30 4.29a 10.46^ 4.67^ 20.52^ 
I (n-^ 7) OA) (n-7Q) p A，， 
I I ) 
i 
Table 4.7e Lead (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) I ! 
100:0 0.46? ,�-,�� 36.03^ 川.p^ ^� 
92.5:7.5 0.40^^ 0.45^^ 21.29^ 16.87� 
； (0.11) (0.10) (? .7?) 
85:15 0.34a 0.45^^ 15.69C 9.81^ 
(0.11) (n.ns) (1.11) (?•？⑴—— 
70:30 0.57bc 0.69'= 10.90^ 4.71^ 
(0,91 ) f�-i” P …） f n … 
Table 4.7f Zinc (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) I • 
1 0 0 : 0 4 5 . 3 7 ^ ,6 .10、 5 7 9 . 8 4 ， ，124.24、 
92.5:7.5 61.32^ 117.44^ 394.48^ 740.56^ 
(14.nfi) (?4.77) (41 .0?) (117.q0) 
85:15 81.00ab 234.29^ 348.74^^ 895.67® 
(?1 .SS) (SI (?fi.1H) (10-^ .11 ) 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.7e and Fig. 4,9a)• Shoot Pb level was only significantly raised 
in the 30% sludge amendment. A different picture could be 
depicted from the CDG substrates (Fig. 4.9b). Lead level was 
highest in the control. Metal accumulation decreased with the 
I loading rates of peat and sludge. Reduction of Pb level by sludge 
was more pronounced than by peat. 
f 
Zinc concentration was slightly elevated by peat in the sand 
I substrates, but greatly reduced in the CDG counterparts (Table 
4.7f and Fig. 4.10a,b). Sludge addition significantly raised the 
Zn concentrations over the controls and the peat counterparts, 
I 
effect being proportionate to loading rates. Owing to a much 
i higher background Zn level in CDG, tissue Zn from the CDG 
substrates greatly surpassed those of the sand counterparts. 
In conclusion, the concentrations of shoot Cu, Ni and Zn 
were elevated by sludge addition while Cd and Cr were less 
conspicuous. Pb level was reduced in the CDG substrates amended 
with sludge. Metal levels were never significantly increased by 
peat amendments. The effects of sludge and peat on tissue metals 
in both substrates were quite consistent, except for Zn and Pb 
which were abundant in the CDG control. 
4,3.2.2 Heavy Metal Content of the Below-ground Plant Portion 
The below-ground portion of grass includes the roots, 
rhizomes and stolons, which are collectively named as the root 
portion. 
89 
J Root cadmium level from most sludge treatments were 
I 
comparable to the corresponding controls (Table 4.8a and Fig. 4.5 
a,b) • Root Cd level was more than doubled only in the CDG amended 
with 30% sludge. Peat amendments also resulted in root Cd levels 
i similar to the controls, but slightly higher than those of the 
sludged counterparts. 
I i 
Root chromium level dropped to less than half that of the 
controls in all peat treatments, although it was not 
statistically significant in sand (Table 4.8b and Fig. 4.6 a,b) • 
The effect of sludge varied with substrates. In CDG, root Cr 
level dropped in the 7.5% and 15% sludge treatments, but returned 
I 
to level similar to the control at 30% loading rate. In sand, 
I mean root Cr levels in the sludged substrates were 1.5 to 2 times 
； . / 
that of the control. However, the relatively large standard 
deviations rendered the increase insignificant. 
The patterns of root copper, nickel and zinc concentration 
were similar (Tables 4.8 c,d,f and Figs. 4.7 a,b, 4.8 a,b, 4.10 
a,b.)• Peat amendments reduced the level of these metals against 
the respective controls, but these reductions were not 
significant. Addition of sludge, even at the lowest rate, 
markedly raised the root metal levels above the control. The 
increase was largely proportionate to loading rates. Hence, Cu, 
Ni and Zn levels were always higher in the sludge-amended pots. 
Interestingly, 30% sludge amendment usually resulted in greater 
root metal levels in the CDG substrates than in the sand 
counterparts. 
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Table 4.8 (a-f) 
I Heavy metal concentration of grass roots. Values in parenthesis are standard 
1 deviation. Means from the same substrate sharing the same letter are not 
] significantly different at p<0.05 level by B-Tukey Multiple Range Test (n=10). 
s 
5 -
J -Table 4.8a Cadmium (ug/g) 
Ratio S:P S:SL G:P G:SL 
I (v/v) 
1 0 0 : 0 力q� 0 • 广 他 
, 92.5:7.5 1.57^ 1.07^^ 0.85^^ 0.60^ 
^ (0.^ 0) (0.?ft) (0.14) (0.11) _ 
85:15 1.40bc 0.85a 1.01^ 0.76^^ 
(n.4fi) (n.?i) (0.1?) (0.08) 
I 70:30 1.32^^ 0.90^ 0.75^^ 1.78^ 
j /。.湘 （D.11� /n-:?ft� 
j Table 4.8b Chromium (ug/g) 
i Ratio S:P S:SL G:P G:SL 
： (v/v) 
1' 100:0 16.3 广 n � . ⑶ 12.87^ 
i 92.5:7.5 6.87a 31.83b 4.24a 5.68^ 
(?(S.?9) (?.40) (1 .68) 
85:15 5.35a 22.23^^ 5.39^ 5.60^ 
(? 07) (q A^) (?I？7) (n q?) 
70:30 6.63a 25.43b 6.07a 12.40b 
n.lFH n^.no} /?.ftq� (8.77) 
Table 4.8c Copper (ug/g) 
Ratio S:P S:SL G:P G:SL 
(v/v) I I I 
1 0 0 : 0 1 0 . 3 9 ^ 10. 30^ 门 
92.5:7.5 6.38^ 46.37^ 4.57^ 36.55^ 
(1,25) (18.89) (1.91) (fi.99) 
85:15 5.00^ 62.14^ 5.20^ 74.78^ 
(0.85) (10.31� f 1.91� Mfi.m ) 
70:30 4.70^ 83.77^ 4.80^ 126.35^ 
rn,99) (1 -ift) �.1f^� 
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I Table 4.8d Nickel (ug/g) 
• Ratio S:P S:SL G:P G:SL 
！ ( v / v ) 
—I : 100:0 6. 66^ { ” ”� 4.85^ p - ”� .5 
92.5:7.5 4.40^ 22.71^ 2.12^ 24.47^ 
I (1 .94) {” (1 .9?) (?fS. SR)—— 
85:15 3.71^ 23.24b 3.22^ 44.82^ 
(n.RO) (S. SS) (1 .96) (14.?^)—— 
I 70:30 4.21^ 43.47c 3.83a 88.41^ 
”-叫 (9.19) (1 fiR-Pn， 
••J 
Table 4 . 8e Lead (ug/g) 
Ratio S:P S:SL G:P G:SL 
( v / v ) I • I 
I 1 0 0 : 0 2 . 4 7。 7 4 . 9 5 。 ， 1 7 , 4、 
92.5:7.5 1.57^^ 2.05^^ 47.21^ 49.94^ 
(n.fSI ) (1 .14) (R.48) (、明)_ 
85:15 1.01^ 1.90be 41.39^ 51.23^ 
丨 ( 0 . 4 3 ) ( 0 . 4 1 ) ( 1 1 . 1 0 ) “ 
70:30 1.29^^ 2.110。 24.98a 39. 14^ 
|l 'fV4fi� （Or … P 叫 m.45� 
？ 
i 
Table 4 . 8f Zinc (ug/g) 
Ratio S:P S:SL G:P G:SL 
( v / v ) 
100:0 69.53， ，24.03、 513.05 让 ，133.04、 
92.5:7.5 45.39^ 242.98^ 253.54^ 607.85^ 
(1 ^  (98.RS) (119.44) (�.Dfi) 
8 5 : 1 5 3 8 . 5 2 ^ 2 6 6 . 2 5 ^ 3 3 8 . 4 2 ^ ^ 1 0 7 8 . 3 3 ^ 
(7.nq) ( w n ) (iiq.?q) (ifiq.fi?) 
70:30 39.26^ 536.80^ 246.97^ 2105.15^ 
门-•=n� /fin.67) (^ n.^ Q) 58) 
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In sand substrates, root lead uptake was reduced 
s • 
significantly by peat treatment, but maintained at the control * s 
level by sludge amendment (Table 4.8e and Fig. 4.9 a,b). The CDG 
-j 
control supported the highest root uptake of Pb (74.95 ug/g), 
^ which was significantly reduced by peat and sludge treatments. 
I ‘ • 
I Overall, peat was more efficient in reducing Pb uptake, 
I • -f especially at high amendment rates. 
j The effects of sludge and peat amendments on root metal 
j uptake were similar to those on shoot. In general, peat 
j treatments lowered the root uptake of Cr in CDG, and Pb in sand 
and CDG. Otherwise, all other metal uptakes were comparable to 
j the control. Sludge raised the root Cu, Ni and Zn levels in sand 
I 
and CDG but reduced Cr and Pb in CDG substrates. Root Cd and Pb 
丨I i 
in sand substrates were not altered much by sludge. 
4.3.3 Comparing the Heavy Metal Levels in Shoot and Root 
i Portions 
Grass tissues accumulated different types and proportions 
of heavy metals. Cadmium and Pb were invariably retained in the 
root portions in all treatments (Figs. 4.5 a,b and 4.9 a,b) • 
Chromium was more abundant in the shoot for all the peat-amended 
substrates, but was more in the root in most sludge-treated 
substrates (Figs. 4.6 a,b). Root and shoot Cr levels were similar 
in both sand and CDG controls. 
The pattern of copper uptake was similar in both sand and 
CDG (Figs. 4.7 a,b) • Copper accumulated in the root in all sludge 
93 
！ treatments； however, there was slightly more shoot uptake in the 
peat treatments. Nickel was abundant in the root for both sludge-
] treated substrates, but the pattern was less conspicuous in the 
j control and peat treatments (Figs. 4.8 a,b). Tissue Zn was also 
I higher in root in sludge treatment, but in shoot in peat 
I 
treatment (Figs. 4.10 a,b). However, the differential 
i accumulation between root and shoot was less profound for Zn than 
for other heavy metals. Only in 7.5% sludge—amended sand and 30% 




In conclusion, more Cd and Pb were accumulated in the root 
in all the substrates. Copper, Ni and Zn tended to accumulate 
more in the root in sludged substrates. Chromium was either more 
in the shoot or not significantly partitioned between root and 
shoot. All controls seemed to have no specific partitions of Ni, 
Cu, Zn and Cr between the root and shoot of the plant. 
4.3>4 DTPA-Extractable Heavy Metal Content in Soil Substrates 
The extractable heavy metal content of sand, CDG, sludge and 
peat was reported in Table 4.9. Sludge and peat had far higher 
levels of heavy metals than sand and CDG. Without doubt, sludge 
always contained more heavy metals than peat. However, the 
resultant metal levels between these two amendments were not 
necessarily different by the same order of magnitude. 
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Table 4.9. DTPA-extractable heavy metals of sand, CDG, sludge and peat. Values 
in parenthesis are standard deviation, (n=3) . 
I Sand CDG Sludge Peat 
J h = = — i 
j Cd 23.32 5.70 765.39 166.78 
i (ug/kg) (0.93) (0.33) (20.48) (5.51) I — 
I Cr 1 2 . 6 4 6 . 9 0 5 5 5 . 8 5 1 2 0 . 4 0 
I (ug/kg) (0.80) (0.69) (255,65) f 16.65) 
； Cu 0.19 0.57 312.79 2.34 
I (mg/kg) (0.05、 ⑴.02、 (85.54� (0.08) 
• Ni 0.03 0.02 130.83 3.69 
(mg/kg) (o.oi� (O.OO) (0.28) (0.13) 
Pb 0.76 30.37 8.51 6.11 
(mg/kg) (0.06� <0.51� a.15) (0.17) 
Zn 2.13 26.18 2341.80 13.15 
(mg/kg) (0.77) (1.74) (31.48) (0.84) 
j Cadmium level (ug/kg) in sand substrates was similarly 
\ 
\ 
j raised by sludge and peat (Table 4.10a and Fig. 4.11a). The Cd 
！ 
I content doubled that of the control at the amendment rate of 30%. I I 
In CDG, Cd was also increased by organic amendment although 
5 sludge tended to have greater effect than peat at identical 
loading rate. 
j 
I . ‘ 
！ Chromium concentration (ug/kg) in both peat-amended 
substrates were not dissimilar to the controls (Table 4.10b and 
Fig. 4.11b). On the other hand, sludge markedly increased Cr in 
} both substrates and this increase was proportionate to loading f i 
rates. 
Copper levels (mg/kg) in both substrates were markedly 
elevated by sludge (Table 4.10c and Fig. 4.11c). Again, this 
increase was proportionate to sludge loading rates. Variation of 
Cu level in all the peat treatments was minimal and was similar 
to the control. 
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I Background nickel levels in sand and CDG (0.03 and 0.02 
j mg/kg) were negligible when compared to the sludge (Table 4.lOd 
i 
i and Fig. 4.lid). Peat amendment did not raise the Ni level over 
I • 
i the controls. On the other hand, sludge markedly elevated Ni with 
•I 
I increasing loading rates in both substrates, 
i 
I I . ^ Surprisingly, sludge and peat had comparable lead content 1 
(7.16 and 6.11 mg/kg, respectively) and the level was nearly 10 
times that of the sand control (Table 4.9). On the contrary, 
background Pb level of CDG was much higher than the amendment 
materials (30.37 mg/kg). Under these circumstances, both 
j amendments only produced gentle increase of Pb in the sand 
•务 I 
j substrates (Table 4.lOe and Fig. 4.lie)• With the relatively high 
1 
I background Pb in CDG, both amendments only caused minor 
fluctuations around the control, resulting in no significant 
differences between treatments. 
1. 
I 
Zinc content (mg/kg) was similar between all the peat and 
control treatments (Table 4.10f and Fig. 4.11f)• On the contrary, 
sludge addition had led to higher Zn levels in the substrates 
which tended to increase with loading rates. 
As a whole, sludge addition produced similar pattern of 
extractable Cd, Cr, Cu, Ni and Zn, which also increased 
proportionately with loading rates. Peat did not have the 
comparable effect of sludge, except for Cd and Pb. However, the 
resultant metal levels between sludge and peat treatments were 
not necessarily different by the same order of magnitude. 
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I Table 4.10 (a-f) 
DTPA-Extractable heavy metals of different substrates. Values in parenthesis 
are standard deviation. Means from the same substrate sharing the same letter 




Table 4.10a Cadmium (ug/kg) 
Ratio S:P S:SL G:P G:SL 
(v/v) I • I 
100:0 23.32^ ,�-cn� 5.70^ , 。 • ， , 、 
92.5:7.5 26.55^ 26.29^ 8.05^ 15.25^^ 
( 1 . 8 ^ ) ( ? . ? n ) ( n . ? ? ) ( ? . 4 i ) 
8 5： 1 5 3 0 . 3 3 . 3 7 ^ ^ 1 3 . 2 0 . 8 8 ^ 
j ( 1 . 7 1 ) ( 4 . 4 1 ) ( 0 . 4 f > ) ) 
i 70:30 46.58b 47.46^ 22.71^ 33.94^ 
i n . f i 5 、 n . 4 0 、 f ， ， ； ， （Q 
I \ 
， . Table 4.10b Chromium (ug/kg) 
Ratio S:P S:SL G:P G:SL 
(v/v) 1 1 
100:0 12.6” m.RON 6 . 9 0 , , … � 
92.5:7.5 12.04^ 23.87^ 5.90^ 7.35^ 
(n ft” (1 •明) (n. Sfi) (0.?1 ) 
85:15 13.63^ 34.01^ 6.04^ 11.79^ 
( ? . 9 0 ) ( 1 • ? 4 ) n _ ? 4 ) 
7 0 : 3 0 1 8 . 1 2 ^ ^ 5 0 . 9 4 ^ 7 . 1 9 ^ 2 2 . 0 8 ^ 
/"I -7^ ^� 丨fi-ft，、 m-RR� 
Table 4.10c Copper (mg/kg) 
Ratio S:P S:SL G:P G:SL 
(v/v) 
100:0 0.19^ /n.OR^  0.5” _ 
9 2 . 5 : 7 . 5 0 . 2 8 a 7 . 1 8 ^ 0 . 7 4 ^ 4 . 1 0 ^ 
(n.nn) (n•飞 7) (0.04) (0.39) 
85:15 0.30^ 16.90^ 0.71^ 7. 18^ 
(n.n?) (1.7R) (O.nfi) (i 
70:30 0.40^ 22.60d 0.29^ 21.74^ 
fn f，？3� fn.m， m.3»S� 
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Table 4.10d Nickel (mg/kg) 
？ Ratio S:P S:SL G:P G:SL 
(v/v) I 
1 0 0 : 0 0.03^ m m � Q'Q^^ 川.om 
i 9 2 . 5 : 7 . 5 0 . 0 9 a 0 . 8 2 ^ 0 . 1 0 ^ 1 . 4 3 ^ 
； (o.ni) : (n.n7) (n.n?) (n. is) 
‘ 85:15 0.14a 2.39� 0.21^ 2.26^ 
(n.m ) (0.?9) (n.m) (n.川 
7 0 : 3 0 0 . 3 1 ^ ^ 3 . 3 7 ^ 0 . 4 7 ^ 5 . 6 2 ^ 
• /n‘in) n^.Rfi) rn.nf,} fn AQ) 
i , 
Table 4 , lOe Lead (mg/kg) 
！ Ratio S:P S:SL G:P G:SL 
j (v/v) 丨 I ！ 
i 100:0 0.76 二 m.OM 30.37^ ,� - M� 
92.5:7.5 0.74a 0.87a 30.73a 32.06^ 
(n.nd) (O.Ofi) (0.?,-^)——^ (O.fSn) 
85:15 0.9iab 1.12ab^ 32.74^ 34.39^ 
(O.nR) (n.n4) (n.47) (i • ” ) 
70:30 1.42^ 1.37bc 32.74^ 29.41^ 
fn-^ 7) …”， P A M4.1?� 
Table 4.10f Zinc (mg/kg) 
Ratio S:P S:SL G:P G:SL 
(v/v) I 
100:0 2.13^ (0.77� 26.18, ri.74^  
92.5:7.5 1.47a 28.43b 26.10^ 62.29^ 
(n (?• 1飞) (1 • C^ .fil) 
85:15 2.03a 83.12^ 29.93a 95.00^ 
(0.4?) (in. tfi) (^ .79) 
7 0 : 3 0 2 . 1 5 3 1 1 6 . 0 7 ^ 3 1 . 6 0 ^ 1 9 1 . 1 4 ^ 

















































































































































































































































































































































































4.3.5 Chemical Properties of the Substrates 
J 
The chemical properties of the substrates were summarized 
f -
1 in Tables 4.11 and 4.12. These properties reflected the nutrient 
{ status and the regulating factors that are likely to control the 
actual uptake of nutrients and heavy metals by bermudagrass. 
I -j •i 
j Sand was alkaline while CDG was acidic. Upon amendment with 
peat, sand and CDG substrates were acidified, especially at high 
i I amendment rates. For instance, the pH at 30% peat amendment rate 
i 
I were 5.69 and 4,42 for sand and CDG respectively. As sludge was 
1 
slightly acidic, it reduced the alkainity of sand and acidity of 
CDG. 
The conductivity of sludge was 2440 uS while that of peat, 
sand and CDG were in the region of 63-100 uS. Peat did not alter 
the conductivity of the amended substrates as sludge did. The 
highest increase coincided with the 30% sludge treatment for CDG, 
in which conductivity was elevated from 64 uS to 1.16 mS. 
Sand and CDG contained only 0.10 and 0.38% organic matter, 
respectively. Peat amendment raised the organic matter content 
of the substrates to 1.95-14.88%. Although pure sludge had nearly 
the same organic matter content as peat, the resultant 
measurement was in the region of 0.38-1.43% only. 
Sludge contained 1.361% total phosphorus and 5.225% total 
nitrogen, which were invariably higher than those of peat. 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































of phosphorus than sludge. Total nitrogen was increased by both 
amendments although peat at 30% amendment rate surpassed those 
of sludge. In short, total nitrogen and phosphorus were increased 
more by peat than by sludge when applied at equivalent volume 
ratios. 
Due to the different nature of organic matter in peat and 
sludge, the C:N ratios of the amended substrates also differed 
markedly. Peat amendment yielded C:N ratios higher than 30 (e.g. 
57 in the 30% peat—amended CDG) , while all the control and sludge 
treatments had ratios less than 10. 
Exchangeable potassium, magnesium, sodium and calcium, were 
analysed for each growth substrate. Magnesium and Ca were higher 
in sand, K was higher in CDG, while Na was similar in both 
amended substrates. The cation content of sludged soil materials 
was always higher than that of peat, which also increased with 
loading rates. Peat did not raise cation levels higher than the 
controls. 
4.4 Discussion 
The bioinass production and the partition of dry matter 
within the grass varied among the different treatments. Since 
these variations are resulted from the interactions of soil 
chemical properties, nutrient and heavy metal uptake, each 
bioinass parameter will be discussed. Treatments for sand and CDG 
substrates would be separately compared because they were 
different in inherent characteristics. 
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4,4.1 Shoot Biomass (First Clipping) 
The initial biomass production was partly supported by the 
added chemical fertilizer, and partly by nutrients contained in 
the substrates. As shown in Table 4.1a and Fig. 4.1a, shoot 
biomass production of all treatments was higher than the sand 
control and, to a lesser extent, the CDG control. Since these 
treatments received equal amount of fertilizer, the different 
biomass production was probably caused by other factors. 
The increase of organic matter as a result of organic 
amendments, especially at high loading rates (Tables 4.11 and 
4.12), might have improved the nutrient and water holding 
capacity of the growth substrates. Consequently, biomass 
production was improved over the controls. As an inert material, 
sand holds little water and nutrients. Thus, organic amendment 
benefited sand more than CDG, resulting in greater increase in 
biomass production (Table 4.13). As a corollary, sand amended 
with organic waste materials can support the growth of grass. 
Table 4.13. Textural Characteristics of Sand and CDG. (n=3). 
Sand (%) Silt (%) Clay (%) 
Sand 94.3 ^ ^ 
CDG 63.4 20.9 15.7 
Peat substrates were inferior to the sludge counterparts in 
chemical properties, such as less cationic nutrients, TP, TKN, 
OC (these three parameters might have been under-estimated as 
explained in Chapter 3), wider C:N ratios and higher acidity 
(Tables 4.11 and 4.12)• However, shoot biomass production between 
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the two substrates was similar, suggesting that either (1) the 
difference in nutrient content between these two amendment 
materials was not important at this stage of growth, or (2) 
sludge should have increased the production if not because of 
heavy metal toxicity. As shoot heavy metal uptake was not 
separately analysed for the first and second harvest, it would 
be impossible to ascertain this effect during the early growth 
stage of grass. 
4.4,2 Shoot Biomass (Second Clipping) 
Most of the added fertilizer had been exhausted by plant 
after one and a half month‘s growth. Therefore, the secondary 
growth had to rely, to a large extent, on the nutrient content 
in the substrates. 
In sludge-amended substrates, shoot biomass production 
nearly doubled those of the controls and peat counterparts (Table 
4.1b and Fig. 4.1b). Moreover, the steins and leaves were dark 
green as against the pale green colour recorded for other 
treatments. This growth pattern was probably due to the provision 
of nutrients by the sludge in which nitrogen, phosphorus and 
other elements were released gradually. Biomass production also 
increased with sludge loading rates. However, this trend of 
increment was only noted in the sand substrates. 
In CDG, the biomass productions in 7.5% and 30% sludge 
treatments were similar while that of 15% was slightly lowered 
but still significantly higher than the control. If biomass 
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production was solely dependent on the amount of nutrients 
contained in sludge, then biomass increment should be 
commensurate with the sludge loading rates. The reduced biomass 
increment at 15% and 30% loading rates clearly suggested that 
some factors detrimental to grass growth were enhanced and that 
these adverse factors were more obvious in CDG than in sand. It 
was noted that sludge-amended CDG had higher Na and EC levels but 
lower pH than the sand counterparts (Tables 4.11 and 4.12) • Since 
bermudagrass is able to tolerate a salt content up to 4 mS 
(Beard, 1982) , the elevated salt level is not likely to give the 
account. On the other hand, the lower pH in CDG substrates might 
enhance the bioavailability and uptake of heavy metals, resulting 
in phytotoxicity to grass growth. This point would be further 
discussed in the section on "Total Above-ground Biomass". 
The shoot biomass productions from the peat-amended sand and 
CDG substrates were lower than the respective controls. Peat not 
only did not provide the beneficial factors as sludge did, it 
actually had some unfavourable effects on biomass growth. Since 
the peat was not contaminated with heavy metals (Table 4.9), the 
reduced shoot production was probably due to an imbalance of 
nutrient supply and the much wider C:N ratios associated with the 
amended substrates. 
With reference to Tables 4.11 and 4.12, the nutrient 
reserves and chemical properties of the peated substrates were 
not different from the control. The only exception was the high 
C:N ratios, which might have caused a period of N-starvation 
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especially when the added fertilizer was exhausted. Although most 
organic soil like peat had high C:N ratios, the effective C:N 
ratios may be narrower than observed due to the inactivity of 
part of the carbon. So, peat substrates might still support 
vigorous nitrification (Brady, 1984)• Yet, the pale green colour 
of the bermudagrass foliage clearly suggested that nitrogen 
supply in the peat-amended substrates could be limiting. 
4.4.3. Shoot Biomass Ratio between the two clippings 
The differential effect of sludge and peat on the shoot 
biomass growth was clearly reflected in the second:first harvest 
ratios (Table 4.3). In both sand and CDG substrates, the biomass 
of the two harvests was significantly different in all treatments 
except in the CDG control. All peat treatments had ratios less 
than 1, while the sludge treatments had ratios larger than 1 or 
even 2. This clearly indicates that peat is less capable than 
sludge of sustaining shoot growth. The reasons are two-fold. 
Firstly, as postulated before, the wide C:N ratios of the peated 
substrates not only created an unfavourable mineralization 
environment but also a nitrogen-starvation period for the 
bermudagrass. Secondly, the remaining nutrients, such as 
nitrogen, phosphorus and other macro-nutrients were not 
sufficient to support normal grass growth after exhaustion of the 
added fertilizer. Since the controls had ratios around or higher 
than 1, and other nutrient factors being similar, the poor growth 
of shoot in the peated substrates was most likely due to the 
first reason. 
The greater secondary shoot production in the sludged 
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substrates ascertained the value of sludge both as a soil 
conditioner and fertilizer. The organically bound nutrients like 
nitrogen and phosphorus, abundant in the sludge, are slowly 
mineralized and released (Coker et al. , 1982; Hall et al. , 1986), 
thus sustaining the growth of grass. This characteristic of 
sludge amendment is of vital importance to field application. 
Where bermudagrass is employed in the revegetation of slope and 
disturbed ground, self-sustaining growth of the grass and low 
maintenance are distinct objectives that can be fulfilled by-
adding sludge to the soil. In addition, sludge amendment has the 
additional advantage of improving the efficient use of 
fertilizers by crops in a subtropical environment like Hong Kong 
where leaching is a severe problem. 
4.4.4 Total Above-ground Bioinass 
The total above-ground biomass production followed closely 
shoot growth of the second harvest. Sludge amendment as a group 
produced significantly higher biomasses than the controls and 
peat treatments (Table 4.2 and Fig. 4.2) . The main reason 
explaining this difference had been discussed before. Another 
point of concern was the variation of shoot bioinass with sludge 
loading rates. The aforementioned beneficial effects of sludge 
were expected to increase shoot production with rate, but the 
bioinass did not increase beyond the amendment rate of 15% for 
sand and 7.5% for CDG. It was also expected that bioinass 
production would be higher in the CDG substrates than in the sand 
counterparts due to the aforementioned textural differences 
between sand and CDG (Table 4.13). This pattern occurred in the 
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control, all peat treatments and the 7.5% sludge treatment. 
However, 15% sludge amendment supported lower biomass than the 
7.5% counterparts in CDG and sand. The 30% sludged CDG yielded 
a biomass comparable to the 7.5% counterpart in CDG and 30% 
counterpart in sand. These two patterns suggested that shoot 
production is not strictly commensurate with sludge loading 
rates. 
Two possible explanations could be suggested. The first one 
was that the above-ground biomass production for these treatments 
should not be expected to increase proportionally to the nutrient 
content of the substrates. With a confined soil volume and a 
short growth period, maximum shoot growth could have been 
attained at the 7.5% sludged—CDG and 15% sludged—sand treatments. 
For instance, further addition of sludge to both substrates 
yielded around 24 gm shoot materials, which was similar to the 
production at the lower amendment rates (Table 4.2). Therefore, 
increase of nutrient supply and other improvements from sludge 
amendment would not further increase the production. 
Another explanation was related to heavy metal uptake in the 
tissues. The DTPA-extractable heavy metal concentrations were 
summarized in Tables 4.10 (a-f) and Figs. 4.11 (a-f) • These 
figures suggested that some heavy metals like Cr, Ni, Cu and Zn 
were readily available in the sludge amendments, and that these 
metals tended to increase with sludge loading rates. With the 
exception of Pb, the highest metal concentrations always 
coincided with the 30% sludge treatment. This provided a basis 
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to predict heavy metal uptake in the tissues in relation to 
treatment rates. 
Cadmium and Cr uptake varied within a narrow range among all 
the treatments (Tables 4.7 a,b, Figs. 4.5 a,b and 4.6 a,b) • 
Slightly higher Cd uptake was detected in the 15% and 30% 
sludged-CDG, otherwise, uptake of these two metals was not 
related to the amount in extractable forms. Thus, sludge 
amendment at high rates was not likely to cause Cd and Cr 
phytotoxicity in shoot. 
Lead uptake by shoot was slightly increased in sand amended 
with high rates of peat and sludge. However, such increase was 
negligible when compared to the uptake in CDG substrates (Table 
4.7e and Fig. 4.9a,b) • Lead accumulation in shoot was not related 
to the amount present in extractable form; instead, it was 
significantly reduced by organic amendments in CDG. For instance, 
while extractable Pb level was 30.37 and 29.41 mg/kg in the 
control and 30% sludge amendment, respectively, the corresponding 
uptake was 36 ug/g and 4.71 ug/g only. It was possible that 
sludge and peat amendments had a dilution effect on the total Pb 
content of the substrates which was much lower than that of CDG 
(Table 4.9). Moreover, the changes of soil properties such as 
increased adsorption sites brought by more organic matter of both 
amendment materials as well as increased Ca ions and pH by sludge 
amendment might have altered the actual bioavailability and the 
uptake process of this metal. Therefore, the reduced Pb uptake 
was not likely to account for heavy metal toxicity in the shoot, 
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if any. The interactions of Pb with other elements and its 
retention in the root had accounted for its limited translocation 
to the shoot (see Chapter 5). 
广 
As Cu, Ni and Zn were classified as phytotoxic metals in the 
sludge application guideline (Table 2.4), Cu and Zn could 
accumulate and cause phytotoxicity in the foliage parts (Reuther, 
1957 ； Sommers & Nelson, 1981; Wong, 1990). Nickel was not a 
micronutrient either, but could cause phytotoxicity beyond the 
usual range of 0.5-2 ug/g in plant, which is a rather low 
concentration (Bear, 1957)• In the present experiment, these 
three metals most likely caused phytotoxicity to the bermudagrass 
shoot growth. All sludge treatments led to higher uptake of these 
metals over the controls while peat treatments reduced their 
uptake (Tables 4.7 c,d,f and Figs. 4.7 a,b, 4.8 a,b, 4.10 a,b)• 
Since uptake increased markedly with the loading rates of sludge, 
it was highly possible that shoot growth was adversely affected 
by these metals. 
On the other hand, sludge amendment in sand caused less 
metal uptake than in CDG and the increment with loading rates was 
also less obvious. This was probably because the sludge-amended 
sand substrates had higher pH (6.88-7.19) than the CDG (5.23-
5.97) (Tables 4.11 and 4.12) . As suggested in a metal 
availability study (Adams & Sanders, 1984), the specific pH 
thresholds of toxicity for Cu, Zn and Ni were 4.5, 5.8 and 6.3, 
respectively. With a near neutral pH of the sand substrates, 
heavy metal toxicity would be minimized. On the other hand, the 
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pH of the CDG substrates was still too low to contain the 
toxicity of most of these metals. 
� Above all, the reduced shoot biomass increment at high 
sludge rates was probably caused by Cu, Ni and Zn phytotoxicity. 
Increment reduction in CDG occurred at lower sludge amendment 
rate (15%) than in sand (30%) because phytotoxicity of heavy 
metals was enhanced by lower pH of the former substrates. 
4.4.5 Root Biomass and Root:Shoot Ratios 
Roots absorb water and nutrients and help anchor the plant 
in the soil. They also regulate development throughout the whole 
plant by hormonal mechanisms. More important still, certain 
responses of the above-ground plant parts to environmental 
factors can not be adequately explained without considering the 
performance of their roots (Russell, 1982). Therefore, the root-
shoot relationship is vital to the healthy development of the 
entire plant. 
As seen from Table 4.4 and Fig. 4.3, root biomass varied 
only slightly among the different treatments for both substrates. 
It is postulated that the low water and nutrient content of the 
sand substrates, especially the control, would stimulate the 
development of long searching root. However, long roots usually 
represent a small fraction of the total root system, and such 
development is not likely to occur in pot trial where roots were 
confined in small containers (Russell, 1982). Moreover, the CDG 
control and all peat treatments, having greater water absorption 
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capacity, recorded similar root-shoot ratios to the sand control 
(Table 4.5). Therefore, differential water content was not a 
cause for the different ratios obtained. It was neither the cause 
for reduced root:shoot ratios in the sludge—amended substrates. 
Nonetheless, water was not a limiting factor to growth as the 
pots were watered daily. 
Sludge treatments resulted in lower root:shoot ratios than 
the controls and peat counterparts but the latter two were not 
statistically different (Table 4.5). Therefore, the different 
root:shoot ratios between the treatments were probably due to the 
combined influence of nutrient and heavy metal phytotoxicity. 
4.4.5.1 Nutrient Effect 
As nitrogen and phosphorus are important constituents of 
plant protein, ample supply of these nutrients will stimulate 
shoot and root growth. Since nitrogen is also a constituent of 
chlorophyll, it increased shoot growth more than the root by 
enhancing photosynthesis and the subsequent assimilation of 
products into the foliage. Hence, the root:shoot ratio is 
commonly reduced when the supply of nutrient is raised (Fig. 
4.12)• On the other hand, if nitrogen supply is increased without 
good supply of phosphate and water, total dry matter production 
will reduce and the root:shoot ratios will increase (Fig. 4.13). 
The reduced root:shoot ratios by nutrient supply is enhanced if 
the soil is originally infertile (Gregory, 1988)• 
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F i g . 4 .12 
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dry weight of roots (below) and shoots (above); Open coluins: rootrshoot ratio. . 
f • 
• — .’ -i06 
5 - -:麥 
鬥 簽 
I 變 I . 
‘ 5 ： 3 - 、族, 0 、 . 
丨:| i i i i i i i i r 
Light: Low High Low .. _ High . * 
Nitrogen: Low Low High High 
Source: -Based on Brouwer (1965). Quoted from Ruse11 (1982). p.22. 
•； 
Fig. 4.13 
Effect of nitrooen on the dry aatter production and root/shoot ratio in ryegrass (Loiiuti psremj. Left: with 
an aiaple supply of phosphate and water. Right: when these factors are liuiting. Shaded coluans: dry weight. 
Open columns: root/shoot ratio. Hq, N^, K^: low, intersediate and.high nitrogen. 
High phosphate Low phosphate 
High water Low water 
f 
f - -




二 20 - - 2 0 ^ 
门 o o o 5 ‘ 
>• b ‘ w • 一 Q > « oc 
门 ：，.I 
、 10- 门 -1.0 . 
mm^ • , _ • _ ^ -
一 -
- . . : ；' • • . . . . • ， . ， - - . 二 广 飞 • - 、 - . . , . 、 . ， ， . . • ‘ , ： “ : ： . - : , … ： - . ：•.…-“ - - -
“ ： ― ： 一 m • No Ni No • Nf .Nz 
拳. ‘- •. 
\ 
» - • - • •• \ • •- . . . 
Source: Derived from Davidson (1969). Quoted frora Russell'(1982>. p.23. 
114 
- ‘ — 
As discussed before, sludge benefited shoot growth greatly 
by its nitrogen, phosphorus and some cationic nutrients, which 
were incidentally deficient in the controls and peat treatments. 
The root:shoot ratios resulted from these sludge treatments were 
subsequently reduced especially at high amendment rates. It 
seemed that this nutrient factor was sufficient to account for 
the difference in root:shoot ratios between treatments. However, 
root growth in the sludge treatments responded differently to 
this nutrient factor. Unlike the shoot, it decreased in CDG 
separately amended with 15 and 30% sludge (Table 4.4 and Fig. 
4.3). This suggested that factors detrimental to root growth 
would also affect the root:shoot ratio. 
4.4.5.2 Heavy Metal Phytotoxicity 
Root Cd uptake from the sludge treatments were generally 
lower than from the peat counterparts (Table 4.8a and Fig. 4.5 
a,b) • Root Cr uptake from sludge treatments were highlighted only 
in sand substrates (Table 4.8b and Fig. 4.6 a,b)• Root Pb uptake 
from sludge substrates was lower than the control of both 
substrates, although some measurements were higher than their 
peat counterparts (Table 4.8e and Fig. 4.9 a,b)• The variations 
of these metals in the root were neither related to the DTPA-
extractable amount (Fig. 4.lie) nor to the sludge loading rates. 
Nickel, Cu and Zn were similar in root uptake. From Tables 
4.8 c,d,f and Figs. 4.7 a,b, 4.8 a,b, 4.10 a,b, uptake of these 
three metals was greatly enhanced by sludge treatments, and was 
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commensurate with loading rates. The only exception was found in 
sand in which Ni and Zn uptake was not raised from 7.5% to 15% 
sludge treatments (Figs. 4.8a and 4.10a). This phenomenon, 
together with the consistently higher uptake of these metals from 
the CDG substrates, was probably due to the near-neutral pH 
conditions of the sand substrates (Tables 4.11 and 4.12) or to 
high background levels of Cu and Zn in CDG (Table 4.9) . The 
uptake of these metals varied positively with the sludge loading 
rates and negatively with the root:shoot ratios. This implies 
that the impaired root biomass production in most sludge 
treatments was due to the metal toxicities of Cu, Ni and Zn, 
which would more than offset the beneficial effects brought by 
the nutrients in sludge. 
Although heavy metal toxicities have slightly reduced shoot 
growth at high sludge rates, the shoot biomass remained 
significantly higher than those of the controls and peat 
treatments. On the contrary, roots were more severely affected 
by phytotoxicities than the shoots. Accordingly, shoots and roots 
responded differently to phytotoxicity of heavy metals. 
With reference to Figs 4.5 a,b to 4.10 a,b, metal 
accumulation was largely specific for different parts of the 
grass. Cadmium and Pb were invariably accumulated in the roots. 
Copper, Ni and Zn were mostly stored in roots, while Zn uptake 
in shoot was also appreciable. The reverse was found in the peat 
treatments, though the magnitude of uptake was relatively small. 
Chromium uptake varied between plant parts, rendering 
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generalizations difficult. 
In the sludge treatments, the phytotoxic metals Cu, Ni and 
Zn accumulated more in the roots than the shoots. This helped 
explain why root biomass reduction relative to the shoot was 
greater in the 15% and 30% sludge treatments. 
Although the environmental and physiological factors 
determining the root:shoot ratios were little understood, it was 
generally assumed that a balance existed between the activities 
of the root and shoot systems (Gregory, 1988)• Hence, the lower 
root:shoot ratios associated with sludge amendments was a cause 
of concern as it was probably a result of heavy metal toxicity. 
If the root system is adversely affected, the plant will suffer 
at period of maximum stress (Russell, 1982). As a corollary, it 
is essential to contain the phytotoxic effects of heavy metals 
in optimizing the agricultural use of sludge. This wil be 
investigated in Chapter 5. 
4.4.6 Total Biomass Production 
The total biomass represented the overall capacity of the 
substrates to support plant growth under the specific soil 
conditions within the growing period. It was the result of a 
complex interaction of many factors, of which only nutritional, 
heavy metal toxicity and some chemical properties had been 
studied in this experiment. As the root biomass only varied 
slightly among treatments, the pattern of total biomass 
production resembled that of the total shoot biomass production 
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(Figs. 4.2 and 4.4). 
From the nutritional point of view, a lower root:shoot ratio 
could imply vigorous shoot growth. Good growth also suggests that 
the plant is more disease and drought resistant and has higher 
recuperative potential. With ample N supply, the dark green 
colour of the foliage would enhance the aesthetic value in sports 
fields and golf courses. A dense coverage of the foliage is also 
vital to most vegetated areas, with particular merit for soil 
erosional control. However, high sludge loading rates also 
reduced biomass increment due to the direct consequence of heavy 
metal toxicity. In addition, shoot growth could also be 
indirectly impaired by the damage on root functionings and 
hormonal control mechanisms (Russell, 1982). Therefore, it was 
not a good strategy to raise total biomass production by 
increasing the sludge loading rate at the expense of healthy root 
growth. 
4.5 Conclusions 
With reference to the growth and heavy metal uptake patterns 
of the bermudagrass, the following conclusions can be drawn: 
1 . Bermudagrass can grow vegetatively in sludge-amended sand 
and CDG substrates. The grass tolerates sludge addition up 
to a loading rate of 30%. 
2. As the second shoot biomass production increased over the 
first in sludge treatments, sludge should have provided the 
118 
grass with nitrogen, phosphorus, K, Ca and Mg, and so on. 
The sustained effect of sludge, largely commensurate with 
loading rates, is better than peat irrespective of substrate 
types. Moreover, bermudagrass grown in the sludge-amended 
substrates was dark green in colour with high aesthetic 
value. 
Heavy metal phytotoxicity occurred for Cu, Ni and Zn at high 
sludge loading rate. Lead and Cd accumulated in the roots, 
while Cr was more in the shoots. Lead, Cd and Cr uptake was 
independent of loading rates. 
Sludge amendment resulted in lowering of the root:shoot 
ratios. Heavy metals in sludge are probably phytotoxic to 
roots while nutrients are more beneficial to shoot growth. 
3. Sludge affects root growth irrespective of loading rates. 
With regard to total biomass production, maximum benefits 
were obtained in sand amended with 15% sludge and in CDG 
with 7.5% sludge. The higher addition of sludge failed to 
improve total biomass production further possibly because 
maximum growth response had been reached or because heavy 
metal uptake had reached phytotoxic levels. 
4. Sludge is a viable substitute for sphagnum peat in soil mix 
preparation and in supporting the growth of grass. However, 
several criteria must be met: 
a. The grass should not be used for grazing as shoot metal 
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accumulation occurred. 
b. The loading rate should be limited to 7.5% in CDG and 15% 
in sand. 
c. Long term study should be carried out to ascertain the 
sustained effect of nutrients, and to monitor heavy metal 





EFFECT OF LIMB ON THE GROWTH AMD HEAVY METAL UPTAKE OF 
BERKUDAGRASS IN SLUDGE-AMENDED SUBSTRATES 
5.1 Introduction 
In the previous chapters, the effects of sludge on the 
germination and seedling growth, and vegetative propagation of 
bermudagrass had been studied. Although these experiments showed 
that sludge amendment could support good growth of the grass, 
they also showed that heavy metal uptake was intense and could 
cause phytotoxicity in both the acidic CDG and the alkaline sand 
substrates. It is widely reported that soil cation exchange 
capacity, metal adsorption capacity, organic matter and clay ‘ 
content can affect the metal uptake of crops. In addition to the 
total amount of sludge-borne metals applied, soil pH is also a 
critical factor that influences the uptake of metals by plants 
(Sommers and Nelson, 1981). 
It is well known that raising soil pH could change the 
physio-chemical forms of the heavy metals, reduce some of their 
bioavailability in soil, and inhibit the uptake by plants. The 
reactivity of heavy metals to changes in pH varies, however, as 
they involve different mechanisms by which they are released and 
retained in soils. For instance, the solubility of Cd, Ni and Zn 
is probably controlled by adsorption-desorption equilibria, while 
that of Cu and Pb is controlled principally by complexation-
decomplexation reactions since the latter are more strongly bound 
to organic matter than either Cd, Ni, or Zn (Lake, 1987)• 
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In conventional farming practice, lime is added to 
neutralize the soil and to prevent toxicity of Al and Mn. Where 
metal-rich sludge is applied, lime is often regarded as essential 
in maintaining low levels of Zn, Cd and Ni in soil. This explains 
why sometimes lime is applied beyond the need of the cropping pH 
(Leeper, 1978) . Besides these benefits, liming can also (1) 
correct calcium deficiencies in the soil colloidal complex (e.g 
by calcitic limestone), (2) precipitate soluble compound of Fe 
and Al that are toxic to turf grasses, and (3) provide a more 
favourable environment for the growth of soil micoorganisms 
(Beard, 1973). 
In this experiment, sand and CDG were separately amended 
with three rates of sludge, resulting in six groups of treatment 
having different amount of nutrients and heavy metals. Three lime 
rates were added to each group to produce altogether eighteen 
different treatment groups. On these substrates, bermudagrass was 
vegetatively grown and the patterns of biomass growth and heavy 
metal uptake were analysed. 
Findings from this experiment would answer the following 
questions: 
1. w i l l bermudagrass grow vegetatively in the sludged sand and 
CDG separately amended with slaked lime? 
2. How will the combined treatments of lime and sludge affect the 
growth of bermudagrass? • 
3. What effects will lime have on the properties of the sludged 
sand and CDG? 
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• . 
4. What role does lime play in the uptake of heavy metals by 
bermudagrass? 
5. Are there any distinct patterns of heavy metal uptake between 
plant parts of the bermudagrass under different lime rate? 
6. What is the optimal loading rate of sludge and lime for 
bermudagrass growth? 
5.2 Experimental Design 
This experiment was conducted from 18 April, 1992 to 20 
July, 1992 in a glasshouse in the Tai Lung Crop Experimental Farm 
of the Agriculture and Fisheries Department at Sheung Shui. 
Although sand is alkaline in reaction, it was included in 
the present study because (a) sludge addition could reduce pH of 
the resultant substrates, and (b) the pH of the growth substrates 
would drop during the growth period. Any change in soil reaction 
would seemingly affect the bioavailability of heavy metals in the 
soil. 
Sand and CDG were procured from a local supplier, and then 
screened through a 3 mm mesh sieve. Filter-pressed anaerobically 
digested sewage sludge (25% air-dried solids by weight), obtained 
from the Yuen Long Sewage Treatment Plant, was broken up into 
small crumbs when fresh (same batch of sludge used in the 
germination experiment)• Sand and CDG were separately mixed with 
0 (control) , 15 and 30% (v/v) sludge, each of which was 
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thoroughly mixed with 0, 7.9 and 15.7 gm slaked lime^^ per pot 
(which were equivalent to 0, 2.5 and 5.0 metric ton/ha lime 
rates, respectively)• Altogether eighteen treatments, each with 
eight replicates, were prepared. Plastic pots, each measuring 20 
cm in diameter and 16 cm in height, were filled up with the 
prepared growth substrates to a bulk density of approximately 1.5 
gm/cm^. Bermudagrass sprigs were planted into each pot to a depth 
of about 2 cm. Chemical fertilizer (Nitrophoska N:P:K:Mg 
12:12:17:2), at the rate of 2.6 gm/pot (equivalent to 10 gm N 
/m^/month) was added to each pot to assist initial growth. The 
pots were kept in the glasshouse and watered with de-ionized 
water. 
The grasses were harvested twice. The first harvest was 
conducted at the end of one and a half month from sprigging, in 
which only the above-ground portion (including leaf sheath and 
steins, known as shoot biomass hereafter) was clipped. Steins of 
around 2 cm long from the soil surface were left behind for 
subsequent growth. A second dose of 1 gram chemical fertilizer 
(equivalent to 3.7 gm N/m^) was added to each pot in an attempt 
to aid recovery. The second harvest was conducted six weeks after 
the first clipping, in which destructive sampling was employed. 
The sample was sorted into above-ground and below-ground 
(including rhizomes and roots, known as root biomass hereafter) 
portions. All fresh shoot materials were immediately oven-dried 
at 85°C for 48 hours. Oven-dried weights were recorded 
13 Slaked lime (Ca(0H)2) is extensively used by local 
farmers and landscaping contractors. 
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thereafter. Root materials were carefully washed with de-ionized 
water in the laboratory to ensure the complete removal of any 
tiny particles. They were then oven-dried and weighed as 
previously described. 
The growth substrates were sampled for chemical analysis 
before sprigging. Pure sand, CDG and sludge were also sampled. 
These substrates were air-dried, grounded, passed through 2 and 
0.5 mm sieves respectively, and analysed for total nitrogen, 
total phosphorus, exchangeable K, Mg, Na and Ca, organic carbon, 
pH and conductivity. DTPA-extractable cadmium, chromium, copper, 
nickel, lead and zinc were also analysed. All the treatment and 
analytical procedures were the same as in the germination 
experiment (Chapter 3). All analyses were triplicated. 
The above-ground materials of both harvests were bulked into 
total above-ground biomass. Because the root weight from each pot 
was so low for individual analysis, the 8 replicates of plant 
roots were bulked into one sample and from which 5 sub-samples 
were analysed. The bulked materials were separately homogenized 
in a stainless steel Moulinex grinder and stored in plastic 
bottles. Heavy metals in plant tissues were analysed in 
accordance with procedures described in the germination 
experiment (Chapter 3)• 
5.3 Results 
Since the substrates were amended with two variable 
components, lime and sludge, comparisons could be made in two 
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different aspects. One aspect was the variation of sludge loading 
rate under a constant lime rate, another being the variation of 
lime rate under constant sludge loading rate. 
5.3.1. Biomass Growth 
The grasses were separated into above-ground (shoot) and 
below-ground (root) portions. The shoot was harvested twice while 
the root was only harvested at the end of the experiment. From 
these harvests, total shoot biomass, total biomass, second:first 
shoot ratio and root:shoot ratio were derived. 
The first shoot harvest was highest for the controls without 
the addition of sludge and lime (7.92 and 6.00 gm for sand and 
CDG, respectively) (Table 5. la and Fig. 5.1a). Sludge amendments 
resulted in significantly lower shoot biomass under any lime 
treatments. Without sludge amendment, lime had no effect on 
biomass in sand but reduced it in CDG. 
The second shoot harvest was comparable to the first harvest 
in that both controls recorded the highest biomass while sludge 
addition reduced shoot growth at all liming rates (Table 5.lb and 
Fig. 5.lb). Increasing liming did not alter the biomass of both 
controls (0% sludge and no lime) but was capable of raising 
biomass slightly in most sludged substrates. However, due to the 
relatively large standard deviations, the above trend was not 
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Table 5. 1-5. 6. Biomass growth (grams) for the different treatments. Values 
in parenthesis are standard deviation. Means from the same substrate sharing 
the same letter are not significantly different at p<0.05 level by B-Tukey 
Multiple Range Test (n=8). 
Table 5.1a First Above-ground (shoot) biomass 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate ^ p 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
… V � ！ 
100:0 7.92^ 7.00^ 6.46^ 6.00^ 6.23^ 4.24^ 
(1 .fi?) (1 •？fi) (1 .qs) (1.49) (?• "n) (1 nfi) 
85:15 4.35b 4.09b 3.71^ 3.62a 2.74^ 3.80^ 
(1 (n QO) (n_q?) (1 .fig) (n_ft” (1 • ^ o) 
70:30 3.19^^ 3.15ab 1.92^ 2.27^ 2.53^ 2.28^ 
/n.77) /CKfiq� m.f^ft� (n./LO} ( 1 - m� （r>-7：?、 
Table 5.1b Second Above-ground (shoot) biomass 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate —i 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
… V � • 
100:0 10.05C 9.09^C 9.43bc 7.85^^ 8 . 7 3� 8•07匕。 
p ft” c^-Bfi) ( � 7 ? ) 
8 5 : 1 5 4 . 87ab 2 . 7 0 ^ ^ 
{ [ 9 7 、 ( 3 . 8 8 ) ( ? . 叩 ） 
70:30 3.77a 4.97^^ 2.90^ 1.32^ 3.13^^ 
( 9 m I Q1) /I Q^l … Q y ” q … f9_q，、 
Table 5.2 Total Above-ground (shoot) biomass 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
fv/v^ ！ 
100:0 17.97^ 16.09cd 1 5 . 1 3 . 8 5 � 1 4 . 9 6� 12.31^^ 
p 1 7 ) ( A o n ) ( A t^f i ) ( 4 . I S ) C ^ . q ^ ) ( f i • 叫 
85:15 9.22ab 1 0 . 1 0 . 6 . 3 2 ^ ^ 6.65^^ 9.97abc 
p Afi) (A aq) (4.fifi) (S.60) (3-JZJL) (4. ^ 4) 
70:30 6.96ab 8.12^^ 4.82^ 3.59^ 5.66^^ 5.58^^ 












































































































































































































































































































































































































































































































































































































Total shoot biomass was the sum of the two shoot harvests 
(Table 5.2 and Fig. 5.2). Highest production was again recorded 
in the 0% sludge treatment, with subsequent reduction 
proportionate to increasing sludge rates. Lime treatment had no 
distinct effect on total above-ground biomass, except it 
increased production in the sludged-CDG but reduced it in the 30% 
sludged-sand. The large variations of production within treatment 
resulted in large standard deviations relative to the mean, 
rendering comparisons between groups difficult. 
Mean root production was highest without sludge treatment 
(Table 5.3 and Fig. 5.3) • Root biomass with sludge amendment was 
largely comparable among all lime and sludge treatments. 
Qualitatively, the root hairs were dark brown in colour, short 
and brittle. Some of them appeared to have rotted and decomposed. 
Roots retrieved from the sludged substrates, irrespective of lime 
rates, were particularly poor visually. 
The total grass biomass was again highest in the 0% sludge 
treatments (Table 5.4 and Fig. 5.4). Though it was not 
statistically significant, mean production from 15% sludge 
treatments was always higher than their 30% sludge counterparts. 
Liming reduced production in both controls (0% sludge and without 
lime), increased production in both 15% sludge treatments, 
reduced it in 30% sludged—sand but increased it in 30% sludged-
CDG. However, these trends were not statistically significant due 
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Table 5.3 Below-ground (root) biomass 
Sub- S:SL with Lime (L mt/ha) G:SL with L i m e� l mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
(v/v^ 
100:0 2.76bc 2.57^^ 3.06^ 2.30^^ 2.61^ 2.01^^ 
(n, fi?) (1 I ？总) (1 , R?) (n.RO) p—534 C 07) 
85:15 1.6iab 1.55^^ 1.89^^ 1.30^^ 1.65^^ 
(n.fiS) (0.77) (n.Rfi) ) (n.sfi) (n.fift) 
70:30 i.si^b 2.09^^ 1.61^^ 1.08^ 
'r>:”� /0._50� /n-«^7� （ n - “� （n.qft� （n./ift� 
Table 5.4 Total grass biomass 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
trate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
… V ) ！ 
100:0 20.73^ 18.66^0 13.94^^ 16.15^ 17.57� 14.31^^ 
(A-OR) (「” ） _ ( f i . n s ) (4.84) (7. -^R) (7. ^ 7) 
85:15 10.83a 12.29^^ 12.45^^ 8.21^^ 8.01^^ 
(4.?7) (S.Sfi) (S. ^ 4) (fi. 19) (4_??) (^.01) 
70:30 8.93a 9.63a 5.85^ 5.68a 7.27^^ 6.66^^ 
/;>‘ft7) p-in) M-ifi� M-?ft� 
Table 5.5 Root : Shoot Ratio 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
(v/v) • 
100:0 0.16^ 0.16^ 0.18^ 0.17a 0.17a 0.16^ 
(n OR) {n.od) (n.m) (0.04) (0.0?) 
85:15 0.18a 0.15a 0.17a o.40abc 0.17^ 
(n n/L) (n — m ) (n n，) (0.17) (0.07) (0.0?) 
70:30 0.31^ 0.19a 0.22a 0.62^ 0.44^^ 0.22^^ 
ffvin� (nnR\ (nnd) /n. IQ) (n/in� fn.n?) 
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Table 5.6 Second : First above-ground (shoot) bioinass ratio 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
rv/v^ 
100:0 1.28^ 1.32^ 1.58^ 1.39^^ 1.36^^ 1.89^ 
(1 • iq) (n.S7) (0.fig) (o.7?) (n,?7) (i ifi) 
85:15 1.15a 1.60^ 1.79a 0.59a 1.32^^ 1.6iab 
gDL-534 (n.fil) (0.8?) (n,4fi) (n. fiq) <n. sn) 
70:30 1.14a 1.70^ 1.45a 0.60^ 1.06^^ 1.32^^ 
) fi,33� m.fii� (n‘7q� fn.Q^) 
to the large standard deviations. 
Root:shoot ratio (R-T) was obtained after the second 
harvest. It increased with higher sludge loading rates in both 
substrates (Table 5.5). R-T ratios were higher in the sludged-CDG 
substrates than in the sand counterparts, but their R-T similarly 
reached 0.17 and 0.22 in the 15% and 30% sludge treatments, 
respectively upon highest liming. The R-T for both controls were 
not affected by liming. Highest mean ratios were recorded in both 
substrates amended with 30% sludge but without lime (0.31 for 
sand and 0.62 for CDG). 
The ratio of the second shoot bioinass to the first shoot 
biomass was calculated as the second: first bioinass ratio (S-F) • 
The S-F ratios were not statistically different among all the 
treatments in sand (Table 5.6). In CDG, increasing sludge rate 
tended to reduce the S-F to below 1 without lime amendment. On 
the other hand, liming tended to raise the S-F under each sludge 
loading rate. 
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5.3.2 DTPA-extractable heavy metals in growth substrates 
Sand had higher levels of extractable Cd and Cr while CDG 
had more Pb and Zn. The levels of Cu and Ni were comparable 
between the two substrates (Table 5.7). Extractable metal content 
from sludge was always higher than that from sand and CDG. The 
only exception was Pb, for which CDG had the highest amount. With 
these inherent differences, the limed substrates are expected to 
vary in extractable metal levels too. 
Table 5.7. DTPA-extractable heavy metals of sand, CDG and sludge. Values in 
parenthesis are standard deviation. (n=3). 
Cd Cr Cu Ni Pb Zn 
(ug/kg) (ug/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) 
Sand 17.01 10.21 0.18 0.03 0.61 1.02 
( W 9 ) (1 7A) (n.m ) (n.nn) (O.nR) (O, i9) 
CDG 6.84 6.25 0.15 0.04 31.63 6.38 
{0 7ft) (1 s?) (n.n4) (n.ni) (？.^^ ) 
Sludge 915.12 576.20 1154.79 86.50 7.16 1736.54 
M R n . f i ? ) ( I M - l f i � M f t l . R f i � … I M . r > 7 ) / M Q … I f i � 
In sand, cadmium level (ug/kg) generally increased with 
sludge loading rates under the different lime treatments (Table 
5.8a and Fig. 5.5a). Increasing lime did not alter Cd level in 
the 0% and 15% sludge treatments. Cd level increased, however, 
at the combined treatment of 5 itit/ha lime and 30% sludge. The 
patterns in 0% and 15% sludge-amended CDG were similar to those 
in sand. At 30% sludge treatment, more Cd was recorded for lime 
at 2.5 mt/ha than at 5.0 mt/ha. In general, sand substrates had 
higher Cd level than the CDG counterparts. 
In sand, chromium level was also elevated by sludge 
irrespective of lime rate (Table 5.8b and Fig. 5.5b). Lime 
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Table 5.8 (a-f)• 
DTPA-extractable heavy metals for different substrates. Values in parenthesis 
are standard deviation. Means from the same substrate sharing the same letter 
are not significantly different at p<0.05 level by B-Tukey Multiple Range Test 
(n=3). 
Table 5.8a Cadmium (ug/kg) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
� / V � ！ 
100:0 17.01^ 14.54^ 14.05a 6.84^ 5.50^ 4.07^ 
P 叫 (n.R?) (1 .nR) (?.7R) (n. fiq) (n, -^ n) 
85:15 34.83^ 33.20^ 37.31^ 20.38^ 22.19^ 25.78^ 
(0.7?) (1 .fi?) (3. Ifi) (-3— (?.4FI) (4,?n) 
70:30 62.45^ 71.30^ 99.28^ 55.61^ 74.22^ 51.21^ 
/Q-QQ) M-Dfi� n . 4 6� 
Table 5.8b Chromium (ug/kg) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L 
strate mt/ha) 
L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
100:0 10.21^ 14.27ab 17. QS^^^ 6.25^ 9.90^^ 10.58^^ 
(1 7P) (1 Rn) (0.17) P - ^ (n.fSS) (D.qi) 
85:15 26.43bcd 2 8 . 4 7 . 5 8 ^ 9 7.97^^ 10.38^^ 11.36^ 
(2.55、 p (n,?4) (0.98) (1 • "^ q) 
70:30 37.84def 40.56®^ 56.569 17.32^ 15.82^ 16.46^ 
Table 5.8c Copper (mg/kg) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
(v/v^ ！ 
100:0 0.18^ 0.19^ 0.18a 0.15a 0.16^ 0.12^ 
{o ni ) (n-。？、 (O.m ) (0.04) (0.04) (H.n?) 
85:15 28.70^ 27.30^ 36.14^ 13.37^ 14.62^^ 18.76"= 
{^-Q^} { 9 � ” ("^.49) (n.qfi) (?.nfi) ( 4 • 刑 
70:30 61.35^ 65.18C 85.00^ 54.22® 59.63^ 46. 
( 1 1 fiR) / A . A ? ) ( O . ^ R ) f 1 A H ) f l . t ^ c ； 、 f l . 1 " ^ � 
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Table 5.8d Nickel (mg/kg) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate —r 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
… V ) ！ 
100:0 0.03a 0.03a 0.03a 0.04a 0.03a 0.03a 
(n,nn) (n nn) (n nn) (n,m ) (n nn) (O on) 
85:15 1 . 3 4 b 1 . 1 9 b 1.51^ 0.80^ 1.14c 1.24^ 
: (n. in) (n. "n) (1 • (n.nfi) (n.i^) (n, 
70:30 2.93c 3.07c 4.24^ 3.83^ 3.48® 2.62^ 
m-fi7� m - w 'n_ir>) 
Table 5.8e Lead (mg/kg) 
Sub- 6:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
… V � I 
100:0 0.6iab 0.65ab 0.52^ 31.63^ 19.70^^ 17.35^ 
(H n«) {n nft) (0 ,1?) (7. •SfS) (0.R4) (0 .91 ) 
8 5 : 1 5 1 .33bc 1 .33bc 1 .94c 2 3 . 2 0 . 3 3 ^ ^ 18 . 99^^ 
(H i n ) (n n-：^) (0 .80) (O.fiS) (n. f iS) (0 .40 ) 
. 70:30 1.64^ 1.70C 2.07^ 25.01^^^ 29.78^^ 21.89^^ 
….。：？、 m*。：^、 川、 门-40� m.f^?) /I.?�� 
Table 5.8f Zinc (mg/kg) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
trate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
(…� ！ 
100:0 1.02a 0.88a 0.83^ 6.38^ 3.25^ 2.74^ 
(n.iQ) (01^1) (n.07) (?.qfl) (o.fiq) (o.?i) 
8 5 : 1 5 41 . 67b 38 . 67b 52 . 17b 2 9 . 0 0 ^ 37 .71^^ 4 4 . 2 6 ^ 
C^-ft^} (S.13) n.OFQ (4 .11 ) (F1.7?) 70:30 88.25c 95.62^ 130.37^ 108.84® 114.53® 90. 








































































































































































































































































































































































































































amendment at 5 mt/ha markedly increased Cr level of both 15% and 
30% sludge treatments. In CDG, only 30% sludge amendment had 
increased the Cr level above the control under all lime rates. 
Lime raised Cr level of both 0% and 15% sludged substrates, but 
had no effect on higher sludge loading rate. Chromium 
concentrations were undoubtedly higher in sand substrates than 
in the CDG counterparts. 
Copper level was seemingly raised by sludge addition in both 
substrates irrespective of lime rate (Table 5.8c and Fig. 5.5c). 
On the other hand, extractable Cu also increased with lime 
addition in the 30% sludged-sand and 15% sludged-CDG. Only in 30% 
sludged-CDG had lime significantly reduced Cu. Copper level was 
generally higher in sand than in CDG. 
The patterns of extractable nickel and zinc were similar, 
though the magnitude of variations were much greater for Zn 
(Tables 5.8 d,f and Figs. 5.5 d,f). Both metals increased as a 
result of sludge addition, irrespective of lime loading rate. In 
both controls (0% sludge) and the 15% sludged-sand, no variations 
were noted after adding lime. However, these metals increased 
slightly in the limed CDG containing 15% sludge. Zn and Ni were 
markedly increased by the addition of 5.0 mt/ha lime in the 30% 
sludged-sand. Only in 30% sludged-CDG had their levels been 
reduced by lime. 
In sand substrates, lead level increased slightly with 
increasing sludge amendment at all the three lime rates (Table 
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5.8f and Fig. 5. 5f) . The effect of increasing lime was not 
significant at any sludge rate. The pattern of Pb level in CDG 
was different. Without lime, CDG control had the highest level, 
while the addition of sludge reduced it. In the 0% and 15% sludge 
treatments, Pb level was sufficiently reduced at the lime 
amendment rate of 2.5 mt/ha. With 5.0 mt/ha lime, Pb level from 
all the three sludge amendment rates were reduced to level 
significantly lower than that of the control (without lime). At 
constant sludge rates, lime addition generally reduced Pb level, 
except an out-trended increase was noted in 30% sludged-CDG 
amended with 2.5 mt/ha lime. Lead content of all sand substrates 
were much lower than that of the CDG. 
# 
In summary, under constant lime treatment rate, extractable 
metal levels generally increased with sludge loading rates for 
both substrates. Under constant sludge rate, however, the effect 
of 2.5 mt/ha lime on most treatments was not very marked, except 
for the reduction of Pb in the CDG control. The effect of 5.0 
mt/ha lime varied. It raised extractable Cr, Cu, Ni and Zn in the 
15% sludged-CDG, Cr in the 15% sludged—sand and Cd, Cr, Cu, Ni 
and Zn in the 30% sludged-sand; but reduced Cd, Cu, Ni, Pb and 
Zn in the 30% sludged-CDG. 
5.3.3 Heavy Metal Uptake by the Above-around (Shoot) Portion 
Shoot uptake of cadmium from all sand substrates were within 
0.5 ug/g (Table 5.9a and Fig. 5. 6a) • Without lime, Cd uptake from 
sludge treatments were significantly higher than the control. 
Under both lime rates, Cd uptake was comparable to the control 
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(no sludge and no lime)• However, the uptake was greatly enhanced 
» 
in the combined treatment of 30% sludge and 5 mt/ha lime. Without 
lime, Cd uptake from CDG substrates increased with sludge loading 
rates, while the addition of 2.5 mt/ha lime reduced the metal 
uptake for the 15% sludge treatment (Fig. 5.b). Under the highest 
lime rate, Cd uptake was reduced to a level comparable to the 
control. At constant sludge rates, 2.5 and 5.0 mt/ha lime rates 
were needed to withhold the uptake from 15% and 30% sludge 
amendments, respectively to levels comparable to that of the 
controls. 
In sand substrates, shoot chromium uptake from most 
treatments were maintained at levels comparable to the control 
(Table 5.9b and Fig. 5.7a). Very low uptake was recorded in the 
combined treatment of 30% sludge and 2.5int/ha lime. Highest Cr 
uptake in CDG substrates was found in the control (17.34 ug/g), 
while the addition of sludge without lime had reduced the uptake 
significantly (Fig. 5.7b) • Under medium lime rate (2.5mt/ha) , Cr 
• uptake from the 15% sludge treatment was not significantly 
reduced while under the highest lime treatment of 5.0 mt/ha, 
metal uptake was seemingly lowered. Increasing lime loading rate 
tended to increase the Cr uptake from 15% sludge but reduced 
uptake from 30% sludge. 
Both the 15% and 30% sludge amendments on sand increased 
copper uptake under all the three lime rates (Table 5.9c and Fig. 
5.8a) • Increasing the liming rate had no effects on the Cu uptake 
from all the three sludge treatments. In the CDG substrates, 
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Table 5.9 (a-f). 
Heavy metal concentration of grass shoots. Values in parenthesis are standard 
deviation. Means from the same substrate sharing the same letter are not 
significantly different at p<0.05 level by B-Tukey Multiple Range Test (n=8). 
Table 5.9a Cadmium (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
� / V � I 
100:0 0.19^ 0.20^ 0.13a 0.18^ 0.19a 0.18^ 
(n• O A ) ( n , H Q ) ( n , O R ) ( O t ^ ) (f). 1 D ) ( D . n q ) 
85:15 0.35b 0.20^ 0.18^ 0.49b 0.31^ 0.27^ 
( 0 . 1 4 ) ( n . n n ) ( n . n s ) ( n . m ) ( n . n s ) <n. 1 ? ) 
70:30 0.37b 0.21^ 0.40^ 0.64^ 0.51^ 0.31^ 
mnft) m - 1 1� ' n�� ^� … . I R� 
Table 5, 9b Chromium (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
… V � ！ 
100:0 20.36b 21.06b 20.28^ 17.34^ 7.28^ 8.02^^ 
C^-iQ) { [ q ” ( 9 . ^ 9 ) ) (? •？4) (1 
85:15 24.45b 27.35b 22.70b 8.11^^ 12.58^ 11.78丑匕 
C^n-^) (fi-ifi) (8.^9) (?.in) n.f^ f^ ) 
70:30 20.56b 9.41a 19.78^ 11.37^^ 7.52^ 7.03^ 
(fi-Qi� '9 AQ) 'ft 7 ” f ; f } f " f i� 
Table 5.9c Copper (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
(…、 ！ 
100:0 8.82a 9.17a 9.66^ 7.50^ 5.92^ 6.69^ 
(1 nQ) (9 Iff) (?,?i) (1.0?) (1 叫 (H qq) 85:15 20.58b 20.28^ 21.70^ 22.53^ 19.94^ 19.88匕 
(?.(Sn) ( ? . 1 4 ) (7.1?) (JLJlI) P - ^ 
70:30 21.64b 18.94b 21.44b 24.70^ 21.00bc 19.67^ 
p - m � （i.7fi� … p - q i� /i‘7R� M.:^4� 
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Table 5.9d Nickel (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
(v/v^ ！ 
100:0 11.3 6^^ 11.63^^ 11.73^^ 9.39^ 3.81^ 4.04^ 
: _ ( ? fiS) ( 1 , 7 9 ) ？7 ) ( ? , SQ) ( 1 ? 1 ) ( n 7ft) 
85:15 16.03bc 16.33^^ 14.54^^^ 10.27^ 8.69^ 7.43^^ 
(1 .fi?) (^.49) (1 .89) (1.7?) (?.4?) 
7 0 : 3 0 1 7 . 4 7 ^ 9 . 5 2 ^ 1 5 . 6 0 ^ ^ 1 4 . 5 8 ^ 9 . 1 2 ^ 5 . 4 2 让 
n.d7\ P-7fi� p-«^7� (D-ftl \ 
Table 5.9e Lead (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
trate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
… V � ！ 
100:0 0.35^^ 0.45让 0.24a 36.62^ 3.50^^ 3.06^^ 
( 0 . 1 4 ) ( n . ? - ^ ) ( n . 1 1 ) P . 7 7 ) ( n . f i f i ) ( n , 7 9 ) 
85:15 0.82^ 0.45^^ 0.26^ 11.34^ 2.73^ 2.17^ 
： ( n ” ） (O l d ) ( 0 . 1 ? ) ( ? . q n ) ( n . f i q ) ( n . 4 ” 
70:30 0.87^ 0.23a 0.57^ 5.44^ 1.51^ 1.66^ 
m . T ” (0.07} m - 1 7� (1 --^ Q) (D.fil� 
Table 5.9f Zinc (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
(v/v) ！ 
100:0 98.22^ 91.45^ 99.54^ 159.47^^ 105.92^ 108.05^ 
( i � � ^ f t � C ^ . R ? ) ( 1 1 . 1 ? ) ( i n . 1 4 ) 
85:15 253.20^ 203.62^ 182.27^ 505.18® 319.97^ 228. 
(9Q.R9) RQ) (24.81) (79.fiQ) {23,01) 
70:30 434.18® 301.67^ 2 8 7 . 6 2 1 . 1 2 ^ 532.10® 276. 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































higher sludge rate induced greater Cu uptake while subsequent 
liming had reduced the level, though the effectiveness of the two 
lime rates was not obviously different (Fig. 5.8b). Irrespective 
of lime rates, metal uptake was higher from the sludged 
substrates than from the control. 
In sand substrates without lime, shoot nickel uptake was 
enhanced by the 15% and 30% sludge treatments (Table 5.9d and 
Fig. 5.9a). With 2.5 mt/ha lime, Ni level from the 15% sludge 
treatment was still significantly higher than the control. With 
5.0 mt/ha lime, all the three -sludge treatments resulted in 
similar level of uptake, which was not statistically different 
from the control (no sludge and no lime)• At specific sludge 
loading rate, liming was not effective in reducing uptake 
although there was a drop of Ni level in the combined 30% sludge 
and 2.5 mt/ha lime treatment. Sludge also increased Ni uptake in 
CDG substrates at 0 and 2.5 mt/ha lime rates (Fig. 5.9b). 
Increasing lime treatment effectively lowered the uptake in the 
control and 30% sludge treatments. This effect was, however, less 
profound in the 15% sludged-CDG. 
In sand substrates without lime, the addition of sludge 
generally increased lead uptake. With medium and high lime rates, 
Pb uptake for all the sludge treatments was comparable to the 
control (Table 5.9e and Fig. 5.10a). Under particular sludge 
rate, Pb uptake was generally reduced as a result of lime 
treatment in both the sand and CDG substrates (Fig. 5.10b). An 
unexpected increase of uptake was noted in the sand substrate 
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amended with 30% sludge and 5.0 mt/ha lime. In CDG substrates, 
the highest uptake coincided with the control while the lowest 
uptake was recorded in the combined treatment of 5 mt/ha lime and 
30% sludge. 
Sludge amendment resulted in higher zinc uptake than the 
controls irrespective of the lime status, and the 30% sludge 
treatment always had greater effect than the 15% counterpart 
(Table 5.9f and Figs. 5.lla,b). Increasing lime rates for both 
the sand and CDG controls produced no discernible effect. 
However, the addition of 2•5 mt/ha lime effectively reduced the 
uptake from all sludged substrates while liming at 5.0 mt/ha only 
reduced uptake from the sludged CDG. Uptake from most CDG 
substrates were generally higher than from the corresponding sand 
counterparts. 
In summary, when no lime was added, metal uptake generally 
increased with sludge loading rates, except for Pb in CDG and Cr 
in both growth substrates. The addition of 2.5 mt/ha lime reduced 
the uptake of Cd (in sand) , Cr (in sand) , Ni (in sand) and Pb (in 
sand and CDG) from the different sludge treatments while 5.0 
mt/ha lime was needed for a similar reduction in Cd (in CDG) and 
Cr (in CDG). The uptake of Cu and Zn (in sand and CDG), and Ni 
(in CDG) from the various sludge treatments was still 
significantly higher than the controls even with the highest lime 
rate. Metal uptake from the 0% sludge treatments was either 
comparable to the control or reduced by lime treatment. 
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In the 15% sludged—sand, lime reduced the uptake of Cd, Pb 
and Zn. In the 30% sludge treatment on sand, Zn uptake was 
reduced by both lime rates while Cd, Cr, Ni and Pb were lowered 
initially by 2 • 5 mt/ha lime but elevated again by 5.0 mt/ha lime. 
Cu uptake showed no response to any lime treatments. In CDG 
substrates, lime was more effective in reducing the uptake of 
most metals from the different sludge treatments than in the sand 
counterparts. 
5.3.4 Heavy Metal Uptake of the Below-ground (root) Portion 
Root uptake of cadmium was enhanced by the addition of lime 
in the sand control (Table 5.10a and Fig. 5.6a). Under all three 
lime rates, Cd uptake from 0% sludge was higher than from 15 and 
30% sludge treatments. In both sludged substrates, 2.5 mt/ha lime 
effectively reduced uptake while raising the lime to 5.0 mt/ha 
produced no additional effects. In CDG substrates without lime, 
both sludge amendments similarly reduced Cd uptake (Fig. 5.6b). 
With 2.5 mt/ha lime, the uptake of Cd among the different sludge 
treatments was comparable to the control (no lime and no sludge), 
while 5.0 mt/ha lime suppressed uptake from all but the 30% 
sludge treatments to below the control level. Increasing the lime 
loading rates reduced uptake in the control, maintained it in the 
15% but increased it in the 30% sludge treatments. 
« 
Root chromium from sand and CDG amended with 30% sludge was 
always the highest irrespective of lime treatment rates (Table 
5.10b and Figs. 5.7a,b)• Liming had not reduced Cr uptake in the 
sand control and the 15% sludged-sand, but had remarkably 
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Table 5.10 (a-f). ^ ^ 
Heavy metal concentration of grass roots. Values in parenthesis are standard 
deviation. Means from the same substrate sharing the same letter are not 
significantly different at p<0.05 level by B~Tukey Multiple Range Test (n=5). 
Table 5.10a Cadmium (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
… V � 
100:0 1.28^ 1.63® 1.57® 0 . 8 3� 0.77^^ 0.62^^ 
(0.1?) (n, 1ft) (nnQ) (0.09) (n.Dfi) (0.04) 
85:15 0.70b 0.58ab 0.40^ 0.56^ 0.52^ 
(n.nfi) (nil) (n, in) (0.04) (n.m) (O.nS) 
7 0 : 3 0 0 . 9 5 。 0 . 7 0 ^ 0 . 6 0 ^ ^ 0 . 5 1 ^ 0 . 7 6 ^ ^ 0 . 7 9 匕 。 
(n.iR) …-nft) (n m^ fo i。） （r>-i7�I 
Table 5.10b Chromium (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
(v/v^ ！ 
100:0 14.59^ 17.56a 15.67^ 7.77^ 4.29^ 3.60^ 
(9 p ( 1 1 ^ ) (0. ^ 4) (O.'ST) (0.11) 
8 5 : 1 5 1 5 . 4 0 ^ 1 5 . 3 0 ^ 1 7 . 6 6 ^ 7 . 9 8 。 5 . 5 7 ^ 3 . 8 4 ^ 
(h fiO) p 印） (1.7?) (n.fi?) (0.63) (O.^n) 
70:30 28.62C 24.65^ 28.22^ 12.65^ 8.70^ 6.11^ 
M 10 ？ft) M 边 A) f1 ” � fn f�.ftfi� 
Table 5.10c Copper (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 . L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
(…� ！ 
100:0 11.40^ 14.14a 16.04^ 11.04^ 8.39^ 11.59a 
. (1 AA) (1 -x-^) (n RR) (n,f i?) (0 Sfi) (? 7 7 ) 
85:15 217.95^ 125.53^ 120.43^ 263.51® 132.18^ 73.65^ 
(in ^n) (17 R7) {ft An) (?fi.?7) (14. ” ） 
7 0 : 3 0 4 4 8 . 5 1 ® 182 .02。 199 .48^^ 4 4 2 . 8 6 ^ 2 0 6 . 0 3 ^ 9 0 . 0 7 ^ 
I Mfi.ftAN 'a-叩、 pA-":n� ” q - � m 丄 41、 
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Table S.lOd Nickel (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate —； 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
^v/v^ ！ 
1 0 0 : 0 1 0 . 7 0 ^ 1 0 . 8 8 ^ 1 0 . 7 5 ^ 6 . 3 0 让 3 . 2 8 ^ 2 . 7 8 ^ 
(n (1 fiR) (n qs) (n ？q) (n Rfi) (n ？q> 
85:15 59.70^ 19.25^ 15.60^ 34.56^ 17.24^ 6.96^^ 
(1 f^i) (n.fiS) (0.78) (9.^7) (n, 10) 
7 0 : 3 0 1 3 0 . 5 2 ^ 4 0 . 4 7 ® 2 7 . 3 2 ^ 6 2 . 9 4 ^ 5 8 . 1 6 ^ 1 1 . 8 8 让 
,?.q4� ( 1 . M� 
Table S.lOe Lead (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
trate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
… V � ： 
100:0 1.60ab 1.26a 169.81^ 30.92^ 23.84^ 
(n A^) (H ^ft} (n AA) (4.fi4) (0. (1 •？ 
85:15 2.5icd i.9iabc 2.07^^ 52.61® 30.48^ 24.77� 
(n A^) (n (n.?7) (4.97) (1 .9?) (1 • ” ) _ 
70:30 2.86^ 1.64ab 1.25^ 22.63^^ 18.28^ 13.22^ 
Table S.lOf Zinc (ug/g) 
Sub- S:SL with Lime (L mt/ha) G:SL with Lime (L mt/ha) 
strate 
Ratio L 0.0 L 2.5 L 5.0 L 0.0 L 2.5 L 5.0 
(v/v) ！ 
100:0 139.35a 150.85^ 161.16^ 198.65丑^ 135.63^ 141. 
(7 Q^) (11 ” } (2.92) (19,70) (?.04) 
85:15 535.25^ 281.52^ 255.69^ 746.51® 435.28^ 254.78^^ 
(ifiRQ) (13.10) (ins.39) (4fi.fi3) (4.07) 
70:30 963.189 464.38® 435.24^ 1242.559 896. 66^ 337.55^^ 
fic^-c;�� （10.31、 (117 '^ AI /fi"^  1A) (11.99) 
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suppressed uptake in all the CDG substrates. A reduction of 
uptake in the 30% slduged-sand by 2.5 mt/ha lime was noted, 
although 5.0 mt/ha lime resulted in uptake comparable to no lime 
treatment (28 ug/g). Uptake level from the sand substrates were 
always higher than from the CDG. 
Copper uptake was minimal in both controls and did not vary 
with lime rates (Table 5.10c and Figs. 5.8a,b). The addition of 
2.5 mt/ha lime significantly reduced Cu uptake by 50% in both 
sludge rates for the two substrates. Increased liming at 5.0int/ha 
further halved the level of uptake in CDG but not in sand. 
Without lime, Cu uptake increased proportionately with sludge 
loading rates. Under 2.5 and 5.0 mt/ha lime rates, the uptake 
of Cu from the sludged substrates was still higher than that of 
the control. 
« 
Root nickel uptake in both controls did not decrease as a 
result of lime addition (Table 5.10d and Figs. 5.9a,b). Liming 
effectively lowered Ni uptake from most sludge amended 
substrates; however, only under 七he highest liming rate had the 
Ni uptake in the 30% sludged-CDG been reduced to the control 
level. In short, root Ni uptake increased with increasing sludge 
addition in both substrates under all lime rates, with levels 
obviously higher in sand than in CDG. 
! 
Lead uptake level from the sand substrates were much lower 
than their CDG counterparts (Table 5.10e and Figs. 5.10a,b)• With 
sludge amendment, Pb uptake was enhanced in sand without lime, 
150 
maintained at the control level by 2.5 and 5.0 mt/ha lime but 
reduced in all CDG substrates under the different lime rates. 
Obvious reduction of uptake by increasing lime rate was observed 
in all the CDG substrates, although this pattern was only noted 
in the 30% sludged-sand. 
The addition of sludge invariably enhanced Zn uptake in both 
substrates irrespective of liming rates (Table 5.lOf and Figs. 
5,11a,b) . Increasing lime treatment had no effects on root Zn 
uptake in both controls but had significantly reduced the uptake 
from both sludged substrates. The uptake from the CDG substrates 
without lime were higher than from their sand counterparts, but 
the reverse was true when substrates were added with 5.0 mt/ha 
lime. Hence, liming was more effective in reducing uptake from 
the CDG substrates. 
In summary, the root uptake of most heavy metals, except Pb 
in CDG and Cd in both substrates, was enhanced by the addition 
of sludge. Uptake from the controls (0% sludge) was generally 
unaffected by liming, except for Cd, Cr and Pb in CDG. On the 
other hand, lime treatment generally reduced uptake of most 
metals from the sludged treatments, with perhaps the exception 
of Cd in CDG and Cr in sand. 
5.3.5 Comparing Metal Uptake between Shoot and Root Portions 
The pattern of heavy metal uptake between the shoot and root 
was specific for each metal. 
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Cadmium accumulated more in the root than in the shoot 
(Figs. 5.6a,b), except in the 15% and 30% sludged-CDG without 
lime. The difference was greatest in the 0% sludge treatment for 
both substrates. 
Chromium tended to accumulate more in the shoots in the 0% 
and 15% sludged-sand and CDG (Figs. 5.7a,b). However, this 
pattern was less discernible in the 0% sludged-sand under both 
lime rates, in the 15% sludged-sand with 5.0 mt/ha lime and in 
the 15% sludged-CDG without lime. In the 30% sludged-sand 
substrates, Cr accumulated more in the root while in the CDG 
counterparts, root Cr levels were comparable to those of the 
shoot. 
Copper accumulation was undoubtedly higher in the root than 
in the shoot (Figs. 5.8a,b). Root Cu levels varied greatly with 
sludge and lime treatments while shoot Cu remained at relatively 
low levels. The greatest difference was found in the 30% sludged 
treatment without lime in which root Cu levels were 20 times 
higher than those of the shoot. 
Nickel partition between the shoot and root was not 
significant in the non-sludged and the 15% sludged treatments 
with lime for both substrates (Figs. 5.9a,b). In the 15% sludged 
treatment without lime and all the 30% sludged treatments, more 
Ni was found in the root than in the shoot. The greatest 
difference was found in the 30% sludge treatment without lime, 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Although lead accumulation varied greatly between the sand 
and CDG substrates (Figs. 5.10a,b), it was always higher in the 
root than in the shoot, regardless of treatments. 
Zinc in shoot varied with sludge and lime treatment rates 
as root Zn levels did, but the amount of Zn uptake in shoot was 
always less than in root (Figs. 5.11a,b) . In both substrates, the 
difference diminished in the control and all the limed 
treatments. 
In summary, root accumulated more Cd, Cu, Pb and Zn than the 
shoot. Cr uptake was higher in the shoot with no or low sludge 
treatments, but this tendency was either reduced or reversed in 
amendments with 30% sludge. Ni partition was not obvious except 
in high sludge rate treatments. The greatest differences in Cu, 
Ni and Zn accumulation between shoot and root coincided with the 
30% sludged substrates without lime. 
、 
5.3.6 Nutrient and Chemical Properties of the Substrates 
The nutrient and chemical properties of the sand- and CDG-
based substrates were summarized in Tables 5.11 and 5.12. 
Due to delayed analysis, the continued mineralization of the 
substrates during storage could have resulted in lower TP, TKN 
and OM values, and hence changed the C:N ratios. Detailed 
explanations had been given in Chapter 3. With respect to the 
sand substrates, TP and TKN were generally increased by the 
additions of sludge and lime. In CDG substrates, they were also 
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increased, though to a lesser extent, by sludge amendment. 
Moreover, liming had no effects on TP but reduced TKN at all 
sludge rates, including the control. 
Organic matter content of sand was much lower than CDG, but 
the increased OM level upon sludge amendment was similar. Only 
the OM of the 30% sludged-sand increased proportionately with the 
increase of lime rate. Carbon:Nitrogen ratios in the CDG 
substrates were higher without sludge although liming seemed to 
increase the ratios. Such pattern was not obvious for the sand 
substrates, but all the C:N ratios were within 10. 
Of the four cations measured in sand substrates, potassium, 
magnesium and sodium varied with the similar pattern. They were 
increased by sludge amendment while liming had no obvious 
effects. A different pattern was observed for the CDG substrates. 
Although adding sludge resulted in significantly higher cation 
levels, the effect of liming differed in most of the sludged 
treatments. The Mg level was increased by the highest lime rate 
at 0% sludge, but was reduced at 15% and 30% sludge rate by the 
2.5 mt/ha lime. Na and K at 30% sludge treatment were increased 
by 2.5 mt/ha lime, but were reduced by further liming. All the 
K, Mg and Na levels resulted from the addition of sludge without 
lime were generally higher in CDG than in sand substrates. 
Calcium level was also increased by sludge addition, with 
more profound effect in sand (from 2.35 to 90.33 mg/lOOgm) than 
in CDG (from 0.7 to 5.79 mg/lOOgm) . The effect of liming was 
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obvious as slaked lime contains 54% Ca. Despite the lower Ca 
content of CDG than sand, the resultant levels after liming were 
generally higher than the sand counterparts. 
The pH of all sand substrates was higher than 7, with sand 
itself at 8.63. Since sludge is slightly acidic (6.13), the 
amendments of 15% and 30% reduced the pH to 7.32 and 7.01, 
respectively. Lime treatment raised the pH significantly for all 
sludge loading rates, the highest being 9.13 for pure sand 
amended with 5.0 mt/ha lime. CDG had a pH of 4.95. Upon 15% and 
30% sludge amendments, the pH was raised to 5.85 and 5.82, 
respectively. Lime increased the pH of the growth substrates at 
every sludge rate but this effect was less profound at higher 
sludge loading rates. 
In both substrates, the electrical conductivity (EC) was 
greatly increased by sludge addtion while liming only altered EC 
in the 30% sludged treatments. 
5.4 Discussion 
In Chapter 4, total grass production was increased, 
root:shoot ratios were reduced and second:first shoot ratios were 
increased as a result of the effect of nutrients from sludge 
amendment. These patterns were, however, not found in this study 
(Tables 5.1-5.6). In this study, that the nutrient contents of 
phosphorus, nitrogen, potassium, magnesium and calcium, and the 
organic matter content of sludge-amended substrates were higher 
than the controls were just similar to those of the previous 
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studies (Tables 5.11 and 5.12; 4.11 and 4.12) . Also, they had 
been ascertained to account for the higher bioinass production of 
grass from most sludged treatments. 
The direct effect of nutrient was not likely to explain in 
full the different growth patterns of grass; instead, the 
interaction of sludge with lime and their resultant effects on 
the nutrient and toxic metal availability would be more able to 
provide the explanations. 
5 . 4.1 Effect of Sludge and Lime Treatments on pH 
The pH of sand and CDG was 8.63 and 4.95, respectively 
(Tables 5.11 and 5.12). As previously found, sludge amendment 
reduced the alkalinity of sand and reduced the acidity of CDG and 
this effect is proportional to the quantities of sludge added. 
This was largely a dilution effect, as sludge reduced the amount 
of alkaline or acidic material in a confined volume. The 
mechanism and effect of lime treatment on pH was different. 
Slaked lime (Ca(0H)2) used in this study provided Ca ions that 
replaced the hydrogen and aluminium ions in the soil solution and 
those adsorbed on the clay and organic colloids according to the 
following reaction: 
. H H 丨 
soil 1 H + 2Ca(OH)2 ——> Ca | soil + A1(0H)3 + H2O 
丨 Al Ca I 
Source: Tisdale and Nelson, (1970) 
The neutralization is rapidly effected. With a neutralizing value 
of 136 (when chemically pure), this compound is the second most 
efficient of the commonly used liming materials. In this way, 
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both the active and potential acidity of the substrates were 
reduced by lime treatment. Hence, pH was increased. 
When the same amount of lime was added to sludge, the pH 
increments were smaller at higher sludge loading rate (Tables 
5 .11 and 5.12)• This was partly because of the aforesaid dilution 
effect and partly because of the liming effect by Ca ions 
contained in the sludge itself. Moreover, the organic matter from 
the sludge also furnished the substrates with additional 
colloidal surfaces. Therefore, more Ca ions from the liming 
material could be adsorbed onto these adsorption sites at 
equilibrium, thus improving the buffering capacity against pH 
changes. Examples from the CDG substrates showed that the 
greatest pH change was found in the control treatment (pH varying 
from 4.95 to 8.15 and 8.87 at 0, 2.5 and 5.0 mt/ha lime rates, 
respectively) while the least effect was found in the 30% sludged 
treatment (from 5.82 to 7.47 and 7.90 at 0, 2.5 and 5.0 mt/ha 
lime rates, respectively)• 
5.4.2 Patterns of DTPA-extractable metals and Plant Uptake 
As pH of the substrates was increased by the addition of 
lime, it was expected that heavy metal extractability and plant 
uptake would be reduced as the heavy metals were changed to more 
immobilized forms under higher pH conditions (Lake, 1987). 
However, the actual picture for the six heavy metals measured was 
far from this simple expectation. 
« 
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B.4.2.1 Variation of Heavy Metal Levels with T.iroina Rates 
The amount of extractable heavy metal invariably followed 
and increased with the loading rate of sludge regardless of the 
liming rates, except for CDG in which Pb was decreased upon 
sludge amendment. Thus, sludge rate is the determining factor for 
the extractable level of heavy metals (Figs. 5.5a-f). 
With respect to the shoot uptake, all metals were raised by 
sludge amendment without lime (Tables 5.9a_f), except for Cr in 
sand and CDG, and Pb in CDG. Lime at 2.5 mt/ha was already 
sufficient to suppress the uptake of Cd from sand and Cr, Ni and 
Pb from both substrates. Higher liming rate, however, was needed 
to reduce Cd uptake from CDG substrates. Only shoot Cu and Zn 
from both substrates were still significantly higher than those 
of the control upon liming at 5.0 mt/ha. It is possible that the 
amount of available Zn was too great to be sufficiently 
,suppressed by the liming rates investigated while Cu was less 
sensitive to change of pH by lime. It was also possible that Cr, 
Ni and Pb were relatively less mobile than Cu, Zn and Cd, hence 
the former metals were more readily suppressed by the lower lime 
rate. In summary, the suppressive effect of lime on shoot metal 
uptake decreased in the order of: Pb> Cr> Ni> Cd> Cu, Zn. 
Combined with the findings of decreasing availability of the 
sludge-derived metals : (Cd+Zn)> (Ni+Cu)> (Pb+Cr) (Sauerbeck, 
1991), the two orders matched as low availability of metals means 
the relative ease of suppression on uptake by liming. 
For the root uptake (Tables 5.10a_f), Cd from both 
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substrates and Pb from CDG were reduced by sludge amendment even 
without the addition of lime; while 2.5 mt/ha lime resulted in 
levels of Cr in CDG and Pb in sand comparable to those of the 
control. Liming at 5.0 mt/ha seeminly reduced Ni concentration 
in CDG comparable to the control. On the other hand, root Cr and 
Ni in sand, as well as Cu and Zn in both substrates were not 
sufficiently reduced when amended with 5.0 mt/ha lime. With 
respect to root uptake, the readiness of control by liming for 
the six metals decreased in the order of: Cd> Pb> Cr> Ni> Cu, Zn. 
These findings showed that the metal extractabi1ity, shoot 
and root uptake responded to sludge and lime treatments 
differently. 
5.4.2.2 Variation of Heavy Metal Levels with Sludae Loading 
Rates 
Across the sludge treatment rate, extractable metal levels 
were not varied by lime amendment of 2•5 mt/ha (Tables 5.8a-f). 
When 5.0 mt/ha lime was added, Cr, Cu, Ni and Zn at the 15% 
sludged-CDG as well as Cd, Cr, Cu, Ni and Zn at the 30% sludged-
sand were increased although Cd, Cu, Ni, Pb and Zn were reduced 
at 30% sludged-CDG. On the contrary, shoot uptake of most metals 
in both substrates was generally reduced by lime treatment at any 
sludge rate. Only at the 30% sludged-sand had the uptake of Cd, 
Cr, Ni and Pb increased from 2.5 to 5.0 mt/ha lime treatments. 
This was in line with the extractable patterns in the 
corresponding treatments. The root metal uptake had an even 
clearer trend of reduction with lime treatment, the only 
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exception being a slight increase with lime rate for Cr and Cu 
in the 30% sludged-sand. In summary, the general reduction of 
metal uptake both in shoot and root was dissimilar to the 
extractable metal pattern. The different variations for both 
substrates at the combined treatments of 5.0 mt/ha lime and 30% 
sludge was always difficult to interpret for which the reasons 
had been discussed before (in section 3.4.4.1). 
5.4.2.3 Bermudagrass as a Metal Accumulator 
If the metal concentration in plant was higher than its 
extractable portion in soil, the plant should have absorbed the 
metal actively against the concentration gradient. Comparing the 
extractable metal level with the plant metal content, shoot was 
found to be an accumulator of Cd, Cr, Ni and Zn for all 
treatments, and of Cu only for the controls. Root was the 
accumulator of Cd, Cr, Ni, Zn and Cu for all treatments. Shoot 
uptake of Pb was generally lower than the extractable 
concentration in the growth substrates, suggesting that 
bermudagrass was not an accumulator of Pb, or because of the low 
mobility of Pb. 
5.4.3 Metal Uptake bv the Root and Shoot 
The levels of extractable heavy metal may not correspond to 
the available amount for plant uptake (which is related to the 
pH of the substrates). Rather, the actual plant uptake was more 
often dependent on the species grown, the presence of other 
elements, the ratios to other elements, the uptake and 
translocation mechanisms involved and many other reasons. 
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5.4.3.1 Antagonistic Interactions 
One of the important but not very well understood mechanisms 
involved was the antagonistic interactions between heavy metals 
( 
in sludge-amended substrates. It is supposed to be due to the 
competition for the same absorption or translocation sites by 
metals of similar chemical properties (Lake, 1987)• For instance, 
it was reported that when Ca, Zn or Mn were 40 times higher than 
the normal levels in soil, the uptake of Cd would be greatly 
reduced (Leeper, 1978)• The high Zn/Cd ratio would render Gd less 
competitive for exchange sites at the root surface (Lake, 1987)• 
In the sludge-amended substrates, and particularly the lime-
treated ones, the extractable Zn and Ca levels were very high 
(Tables 5.8f, 5.11 and 5.12). This might give account for the 
generally low shoot and root Cd levels in the combined sludge and 
lime treatments (within 2 ug/g)• Calcium ions from lime and 
sludge were also antagonistic to Zn and Ni. It was reported that 
even if uptake of these two metals continued to be high after 
liming, as in the shoot from sand substrates in the present 
study, the phytotoxic effect would diminish due to the increase 
of Ca ions for plant uptake or to increased tolerance of the 
plant to these toxic metals (Leeper, 1978). Unfortunately, 
toxicity symptoms, if any, were not recorded during the 
experimentation as it was beyond the scope of study. 
5.4.3.2 Partitioning of Heavv Metals in Shoot and Root 
The accumulation pattern of heavy metals by the grass was 
specific to each metal, possibly due to the site-specific nature 
of deposition and to some interactions with other elements 
163 
present in the soil medium. 
fi) Cadmium 
It was found that under a normal supply of phosphate, more 
than 70% of the Cd would be retained in the root (Leeper, 1978) • 
With reference to Figs. 5.6a,b, the invariably high deposition 
of Cd in the root might be explained by the amount of phosphate 
present in most of the substrates. However, the similar partition 
of Cd in shoot and root in the 15 and 30% sludged-CDG substrates 
(without lime) suggested some other factors were also involved. 
These treatments received no lime, containing low Ca levels (4-6 
mg/lOOgm) but high EC content (around 1,000 uS). Whether these 
parameters were responsible for the specific metal partition and 
what was the mechanism involved were not certain. 
fii) Chromium 
Chromium tended to accumulate in the shoot, but the pattern 
was not as clear as for Cd (Figs. 5.7a,b). In the 30% sludge-
amended CDG, Cr was equally partitioned between root and shoot, 
but in the 30% sludge-amended sand, Cr was higher in the root. 
The partition for the sand and limed sand control treatments was 
also not significant. Although the pH of the sand control and 
limed substrates was high (around 9) , and the organic matter 
content of the 30% sludged-sand and CDG was higher than the other 
treatments, satisfactory explanation to the above pattern could 
not be accounted for by the pH and organic matter factors only. 
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fiii� Copper. Nickel and Zinc 
As found in Chapter 4, Cu, Ni and Zn tended to accumulate 
in the root than in the shoot (Figs. 5.8a,b, 5.9a,b and 5.11a,b), 
which was similar to the findings of Sauerbeck (1991). Both the 
shoot and the root metal levels were increased by sludge addition 
but reduced by lime. With respect to oat, rye and barley, it had 
I 
been found that Zn in the shoots was reduced to a greater extent 
than in the roots upon liming, implying that raising pH would 
affect the Zn uptake into the plant and its movement inside the 
plant (Pinkerton and Simpson, 1977). However, the reduction of 
Cu, Ni and Zn levels in this experiment was found to be greater 
in root than in shoot upon lime treatments, and resulted in 
generally greater shoot metal:root metal ratios at higher liming 
rates (Table 5.13). Therefore, either the translocation of metal 
to the shoot was enhanced by liming, rather than hindered by it, 
or that the amount of accumulation in the shoot was independent 
of the amount uptaken by root. 
(iv) Lead 
More Pb accumulated in the root than in the shoot (Figs. 
5.10a,b)• However, its variation with sludge and lime treatments 
was different from that of Cu, Ni and Zn. The reduction of Pb in 
shoot was of greater magnitude than in root, resulting in lower 
shoot metal:root metal ratios upon liming (Table 5.13). This was 
comparable to the findings on maize and some other species and 
was probably due to a reduction in the translocation of lead from 
root to shoot upon liming (Lake, 1987) . The high accumulation of 
lead in the roots of the CDG control (170 ug/g) under the very 
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acidic conditions (pH 4.95), however, did not result in 
particularly poor biomass growth. It had been postulated that 
most lead taken up by roots was quickly inactiviated through 
deposition as lead phosphate on the root surfaces, in peripheral 
extracellular spaces (including cell walls) and within dictyosome 
vesicles of root cells outside the endodermis (Koeppe, 1981)• In 
summary, the apparent reduction in shoot and root Pb uptake from 
the sludge-amended CDG substrates were possibly due to (1) the 
dilution of Pb pool in the CDG, (2) higher pH, (3) higher organic 
matter content that increases adsorption of Pb, and (4) 
phosphorus depositing Pb on root, thus reducing its translocation 
to the shoot. 
5.4.4 Poor Biomass Growth 
The obviously poor biomass growth associated with this 
experiment had been addressed before. Growth was probably 
affected by at least two factors: heavy metal toxicity and 
unfavourable soil conditions. The unfavourable metereological 
conditions which was not matched by an adjusted watering regime 
had pre-determined the poor results (Appendix 1)• 
5.4.4,1 Heavy Metal Toxicity 
As discussed in details in previous sections and ascertained 
in the previous experiment (Chapter 4), it was found that heavy 
metal content was generally higher in the root than in the shoot, 
and metal uptake was enhanced by sludge addition. The 
particularly high root contents of Cu, Ni and Zn coincided with 
the 15 and 30% sludged treatments without lime. Lime treatments 
166 
• 
were capable of reducing metal uptake, but the accumulation of 
Cu and Zn was still higher than the controls. Since Cu, Ni and 
Zn were phytotoxic elements, while Cd, Cr and Pb had not been 
found to increase with or just varied negatively with sludge 
amendment rates, it was likely that Cu, Ni and Zn were 
responsible for the poor plant growth. 
5.4.4,2 Effect of Poor Soil Conditions 
fi) Poor Root Growth 
In comparison to the biomass growth described in Chapter 4, 
only the control treatments of this experiment produced 
comparable shoot biomass while the productions from all other 
treatments were lower in this experiment. Moreover, the 
production from CDG substrates was lower than those of the sand 
in this study (Figs. 5.1a, 5.1b, 5.3, 5.4) while the reverse was 
true in the previous experiment (Figs. 4.1a, 4.lb, 4.3, 4.4). 
These findings suggested that the beneficial effects previously 
discussed did not apply here. 
It was suspected that the poor root biomass growth was due 
to root rot. During the three-month growth period, the pots were 
watered daily as in the previous two experiments. During this 
period, especially the first one and a half month, total bright 
sunshine was much lower than the mean monthly normal because of 
the high amount of cloud cover (Appendix 1)• Since bermudagrass 
is shade intolerant (Beard, 1973), it was highly possible that 
the rate of photosynthesis was reduced. Moreover, the mean 
relative humidity was higher than the mean monthly normals 
167 
f 
(Appendix 1) • Consequently, the rate of evaporation of soil water 
from the pots and evapo-transpiration from the grasses were 
reduced which, in turn, reduced water absorption and 
photosynthesis (Treshow, 1970)• Therefore, the daily irrigation 
would have been excessive for the substrates in this experiment. 
In the confined pot environment, soil pores saturated with 
water meant that oxygen was likely to be depleted. This oxygen 
shortage would also reduce the permeability of the root to water 
(Treshow, 1970), hence affecting the consumption of the irrigated 
water. The situation was less serious in the control sand pots 
because of better infiltration. In the sludge-amended substrates, 
even though the entire soil volume might still contained a 
certain amount of oxygen, localized anaerobic zones were likely 
to develop around the organic particles (Treshow, 1970)• The 
plant roots were suffocated and growth were suppressed. 
As this poorly-drained condition persisted, new roots were 
unable to develop. Healthy moist white roots turned brown and 
rotted as the direct result of suffocation (Treshow, 1970)• In 
addition, anaerobic respiration took place and accelerated 
glycolysis which increased the production of ethanol to toxic 
levels, resulting in dissolution of cell membranes (Rowell, 
1988a)• Although irrigation was reduced as poor shoot growth was 
noted (about one month after sprigging), and the soil volume 
would become more aerobic, the root tissues might have been 
considerably damaged that normal growth could not resume. 
Moreover, the anaerobic conditions expedited the decomposition 
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of organic compounds, especially from the sludge-amended 
substrates, resulting in the release of ethylene which would 
adversely affect root elongation (Rowell, 1988a). However, 
whether suffocation or toxic substances was the cause of poor 
root growth could not be acertained. 
Mean biomass of root varied between 1 to 3 gms for the 
different treatments (Table 5.3). Biomass was generally higher 
in the control (especially sand control) and lower in the 30% 
sludged substrates. Thus, the adverse effect of high sludge 
loading rate was clear, as larger amount of water would be 
retained by the substrates enriched with organic matter and hence 
more organic substances would be released. However, there were 
no discernible patterns of variation with liming rate, except 
that the root biomass simultaneously decreased with the rate of 
lime addition in both the 30% sludged substrates. Lime 
(quicklime, CaO) had been reported to produce heat when reacting 
with the water in the sludge during chemical stabilization 
(Hasbach, 1991)• Calcitic lime (CaCO〕） reacts with water in a 
similar way, but in a more moderate rate (Tisdale and Nelson, 
1970)• Whether slaked lime produced drying effect was not known, 
but the elevated soil temperature might further aggravate the 
suffocation problem, glycolysis and ethylene production and so 
led to greater damage of root tissues at high liming rate. 
It was probable that root rot took place simultaneously with 
heavy metal uptake, at least during the early stage of growth. 
Two points warrant consideration in this connection. The first 
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was whether the root suffered from greater heavy metal toxicity 
as a result of rotting and damage. The second was whether the 
root had actually absorbed less heavy metals than it would have 
taken up if it was healthy because of reduced root-substrate 
contact and the impeded transport mechanism. Although the sludged 
substrates generally produced lower root bioinass than the 
control, it was impossible to isolate the damaging effects 
separately caused by heavy metals and by any other toxic 
substances such as ethylene, hydrogen sulfide, methane, ammonia 
and so on. Likewise, the direct comparison of heavy metal uptake 
between the previous experiment (Chapter 4) and this experiment 
was impossible because the DTPA-extractable metal contents were 
also different. Anyway, the relationship between root growth 
pattern and heavy metal uptake should be investigated in future 
studies. 
(ii) Poor shoot growth 
Both the first and second shoot production decreased with 
sludge loading rates (Tables 5.1a and 5.1b), suggesting that 
sludge resulted in unfavourable conditions to shoot development. 
Shoot relied on root for the uptake and supply of nutrients 
essential to growth. As the root biomass of most treatments was 
small and showed signs of injuries, the development of the shoot 
would certainly be affected. 
The transport of nutrients from the soil medium to the shoot 
was divided into two processes. One was the collection of 
nutrients from the soil volume to the root tissues and another 
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one was the translocation of the nutrients from the root to the 
shoot. With respect to the former process, it depended on the 
actual availability of the nutrients for uptake and on the extent 
that the roots can reach these nutrients which, in turn, depended 
on the effectiveness of the root-soil contact. 
Chemical analysis showed that nutrients like N, P, K, Mg and 
Ca were generally enriched by sludge amendment. However, N and 
P were determined in their total amount while cations in the 
exchangeable forms. As these elements were measured from soil 
samples collected before grass growth, whether these nutrients 
became available for uptake would depend on various ongoing 
processes during the growth period. 
Liming resulted in increased pH of the substrates. With 
respect to the measured elements, N, K, Ca and Mg were largely 
available at the pH ranges for most of the limed substrates. 
Although nitrogen was available at the pH range, the organically-
bound nitrogen had to be released by mineralization. However, the 
mineralization rate would be lowered and NO3-N would be 
denitrified to form ammonia in the anaerobic substrates (Russell, 
1982)• Therefore, the amount of available nitrogen was not 
neccessarily predictable from the total nitrogen content of the 
substrates. Chemical fertilizer was added to assist growth of the 
grass, but the quantities applied were not, as intended, capable 
of sustaining long-term growth. 
Phosphorus availability would be lower at pH below 6 due to 
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the formation of insoluble iron and aluminium phosphate and at 
pH between 7.5 to 8.3 due to the presence of calciim carbonate 
that represses the dissolution of calcium phosphates (Foth, 
1991) • Therefore, all the sand substrates treated with sludge and 
lime as well as all the CDG mixes were either too alkaline or too 
acidic for adequate P supply. Moreover, phosphate uptake would 
be reduced as it co-deposited with lead on the root surface 
without being transported into the root and shoot (Koeppe, 1981)• 
On the other hand, micronutrients like Cu, Zn, Mn and Fe 
were largely reduced at pH above 8, which would result in 
deficiencies in the controls amended with lime (except CDG 
without lime)• Although liming also resulted in alkaline sludge 
substrates, the abundant Cu and Zn uptake in grass 七 i s s u e s 
indicated that excessive amounts of these micro-elements were 
present. 
Adding lime might upset the nutrient balance and caused 
relative deficiency of particular elements. For instance, in a 
reclamation practice, plant yield was found to correlate 
significantly with Ca and Mg. However, upon the addition of large 
quantities of limestone, plant growth was inhibitied. It was 
suggested that there was an ion competition mechanism between the 
two elements, resulting in relative Mg deficiency (Costigan et 
al. , 1982)• The resultant extractable Ca:Mg ratios were also very 
large in this experiment, and Mg deficiency would probably 
account partly for the poor shoot growth (Table 5.14). 
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Table 5.13. Ratio of metal content in shoot:root (estimated by dividing mean 
shoot metal concentration by mean root metal concentration) 
(a) Sand 
Cd Cr M Pb Zn 
SL 0； L 0 0,148 1.395 0.774 1.062 0.219 0.705 
SL 0； L 2.5 0.123 1.199 0.649 1.069 0.357 0.606 
SL 0； L 5.0 0.083 1.294 0.602 1.091 0.123 0.618 
SL 15； L 0 0.500 1.588 0.094 0.269 0.327 0.473 
SL 15;L 2.5 0.345 1.788 0.162 0.848 0.236 0.723 
SL 15;L 5.0 0.450 1.285 0.180 0.932 0.126 0.713 
SL 30； L 0 0.389 0.718 0.048 0.134 0.304 0.451 
SL 30;L 2.5 0.300 0.382 0.104 0.235 0.140 0.650 
SL 30;L 5.0 0.667 0.701 0.107 0.571 0.456 0.660 
(b) CDG 
Cd Cr Cu Ni Pb Zn 
SL 0； L 0 0.217 2.232 0.679 1.490 0.216 0.803 
SL 0； L 2.5 0.247 1.697 0.706 1.162 0.113 0.781 
SL 0； L 5.0 0.290 2.228 0.577 1.453 0.128 0.762__ 
SL 15； L 0 0.875 1.016 0.085 0«297 0-216 0.677 
SL 15； L 2.5 0.463 2.259 0.151 0.504 0.090 0.735 
SL 15； L 5.0 0.519 3.068 0.270 1.068 0.088 0 . 8 9 ^ 
SL 30； L 0 1.255 0.899 0.056 0.232 0.240 0.500 
SL 30； L 2.5 0.671 0.864 0.102 0.157 0.083 0.593 
SL 30； L 5.0 0.392 1.151 0.218 0.456 0.126 0.819 
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Table 5.14. The extractable Ca:Mg ratios of each substrate (Data 
based on tables 5.11 and 5.12) 
Ca:Mg ratio 
Sludge (SL %) “ P ~ Lime (L mt/ha) Sand CDG 
SL 0； L 0.0 Q'3 
SL 0； L 2.5 43 102 
SL 0； L 5.0 92 164 
SL 15； L 0.0 0»7 
SL 15； L 2.5 3 4 1 2 
SL 15； L 5.0 ；M 
SL 30； L 0.0 ^ Q-5 
SL 30； L 2 . 5 ^ 44 
SL 30； L 5.0 45 79 
The amount of available nutrients uptaken by the grass was 
also dependent on the accessibility of these nutrients in the 
growth substrates. For example, P is relatively immobile and 
diffuses through soil solution so slowly that this becomes an 
obstacle to uptake (Russell, 1982). In healthy plant, the 
effective uptake of elements depends on the dense network of root 
hairs and mycorrhizal hyphae, as well as on moist soil condition 
for nutrient diffusion (Wild, 1988). Since the roots were found 
to have rotted in this experiment, the functional length, surface 
area and volume of root would be reduced. Therefore, the 
absorbing power of the root systems was greatly weakened. 
Accordingly, nutrient elements available for translocation to the 
shoot were also limited. 
Anaerobic soil conditions might modify the synthesis or 
movement of certain growth regulators such as auxin, 
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gibberellins, cytokinins, ethylene and abscisic acid in the root 
(Russell, 1982). In the damaged roots, the synthesis and 
translocation of these substances to the shoot were possibly 
hindered, and the transportation of the essential materials like 
water and nutrients were also impeded. Subsequently, shoot growth 
was reduced. Moreover, the excessive accumulation of heavy metal 
by the roots from the 15 and 30% sludge-amended substrates (Figs. 
5.6-5.11a,b), especially without lime, might further aggravate 
the transport problem. These would probably resulted in lower 
root and shoot biomass production (Tables 5.2 and 5.3). 
Shoot biomass varied negatively with the amount of heavy 
metal accumulated in the shoot as the metal uptake generally 
increased with sludge loading rates. However, the variation of 
shoot biomass with lime rate was not as apparent although heavy 
metal accumulation was reduced. This suggested that in the 
combined treatments of sludge and lime, biomass growth was 
obviously affected more by such adverse factors as heavy metal 
phytotoxicity, release of toxic substances and enhanced water-
logging of the sludge. The beneficial effects of liming, such as 
reducing heavy metal uptake, increasing microbial activities and 
nutrient availability (except P) were relatively less important. 
In short, sludge amendment had the overriding effect on the 
biomass growth of the grass under the existing experimental 
conditions. 
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(1il^ Second:First Shoot Ratios 
The second: first shoot ratios were comparable for nearly all 
the treatments (Table 5.6). That most of them were greater than 
1 was partly due to the added fertilizers after the first harvest 
and partly to the more favourable metereological conditions from 
mid-June onwards (Appendix 1). However, the exceedingly low 
ratios associated with sludged sand and CDG substrates without 
lime confirmed that the roots have been adversely affected by 
rotting and heavy metal toxicity and that they were unable to 
respond to any favourable factor thereafter. 
(iv) Root:Shoot Ratios 
The root:shoot ratios were lower for the controls but 
increased with sludge amendment rates (Table 5.5). The ratios 
were not decreased by reduced root growth, as in Chapter 4, but 
by increased shoot growth. Although the root biomass varied 
between 1 to 3 grains among all the treatments, that of the 
control was probably less affected by rotting and heavy metal 
damage. Thus, the roots were able to function normally with 
regard to water and nutrient uptake and transport, as well as the 
synthesis of growth regulators and their translocation. 
Eventually, total shoot growth was highest in the control, 
resulting in the lowest root:shoot ratios. The obvious reduction 
of the ratios with lime amendment rate, particularly in the CDG 
substrates, was caused by a better shoot growth, facilitated by 
reduced heavy metal uptake in both the root and shoot, and by a 
greater availability of nutrients at higher pH ranges. 
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5.5 Conelusions 
From the findings of the present experiment, several 
conclusions are drawn as follows: 
1. Bermudagrass can grow vegetatively in sludged sand and CDG 
separately amended with slaked lime. 
2 • Lime had no effects on root biomass production of the 
bermudagrass, irrespective of sludge treatment rates. On the 
contrary, liming improved shoot and total biomass production 
in CDG amended with 15 and 30% sludge. This was accompanied 
by a reduction in the root:shoot ratios. Liming, however, 
tended to reduce shoot and total biomass growth in sand 
amended with 30% sludge. 
3. Lime reduced the acidity of the sludge-amended CDG, but 
increased the alkalinity of the sludge-amended sand. The 
limed substrates are neutral to alkaline in reaction. While 
total phosphorus, nitrogen, and exchangeable K, Mg and Na 
increased with sludge loading rates, liming had no 
conspicuous effects on the availability of these elements. 
Ca was greatly elevated as a result of lime addition. 
Similarly, heavy metals also increased with sludge loading 
rates for both substrates. Liming at 2 • 5 mt/ha did not cause 
any significant changes to the availability of DTPA-
extractable metals. When the loading rate was increased to 
5.0 mt/ha, however, lime generally raised Cr, Cu, Ni and Zn 
in the 15% slduged-CDG and 30% sludged—sand, but reduced Cu, 
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Zn, Pb, Cd and Ni in the 30% sludged-CDG. 
4. When no lime was added, shoot and root uptake of most metals 
generally increased with sludge loading rates. The addition 
of 2.5 mt/ha lime reduced shoot uptake of Pb, Cr, Ni and Cd 
in sand for the different sludge treatments. A similar 
reduction for Cd and Cr in CDG was only found at the 
amendment rate of 5.0 mt/ha lime. In short, the suppressive 
effect of lime is in the descending order of: Pb> Cr> Ni> 
Cd> Cu, Zn. 
Lime amendment also reduced the root uptake of most heavy 
metals, and reduction was in the descending order of: 
Cd> Pb> Cr> Ni> Cu, Zn. 
5. Significantly more Cu, Zn, Pb and Cd were found in the root 
than in the shoot of bermudagrass, regardless of sludge and 
lime treatments. The reduction in uptake of these metals was 
likewisely more apparent in the root as a result of liming. 
The pattern of uptake for Ni and Cr between plant parts was 
less conspicuous. 
6. The optimal loading rate of sludge and lime depended on the 
balance between maximum bioinass growth and the least heavy 
metal phytotoxicity. Under the existing experimental 
criteria, it is difficult to decide upon an optimal 
combination of sludge and lime treatments. For the same 





6.1 Summary of Findings 
The objectives of this study are to find out the feasibility 
of using sludge as a soil amendment material and to ascertain how 
it affects the growth and heavy metal uptake of bermudagrass 
established separately from seeds and sprigs. Altogether three 
experiments have been conducted. In the first two experiments 
involving germination and the growth of bermudagrass from sprigs, 
the effect of sludge was compared against that of the sphagnum 
peat. In the third experiment, the bioavailability of heavy 
metals and their uptake by bermudagrass were investigated by 
adding lime to the sludged substrates. 
At low sludge amendment rate (e.g. 7 . 5 % ) , the beneficial 
effects of increased nutrients like N, P, K, Ca and Mg, as well 
as organic matter were clearly shown in the first two 
experiments. It also improved the pH status of the sand and CDG 
substrates, thus creating a more favourable microbiological 
environment and maintaining a balanced nutrient supply. Sludge 
addition to sand had the additional benefit of improving the soil 
moisture content, which was essential to seed germination and 
seedling growth. 
Sludge is superior to peat because it contains more 
nutrients and possesses a narrower C:N ratio. It sustained a 
better growth of bermudagrass for a longer period of time than 
the control and peat treatments. 
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At high sludge amendment rate (e.g. 30%), the adverse 
effects on germination became apparent. It either delayed or 
inhibited germination due to the presence of volatile inhibitors 
and to exceedingly high electrical conductivity. 
Biomass growth (shoot, root and total biomass) decreased 
with increasing sludge loading rates due to the enhanced heavy 
metal uptake, for which Cu, Ni and Zn were likely to have caused 
phytotoxicity to the grass. In general, the root accumulated more 
heavy metals than the shoot, resulting in reduced root:shoot 
ratios at harvest. 
The effect of liming was not fully shown in the third 
experiment because root rotting occurred in some of the 
treatments. Organic matter from sludge might have aggravated this 
problem by increasing the soil moisture retention capacity. 
Nonetheless, liming only improved shoot and total biomass 
production in CDG amended with 15 and 30% sludge, resulting in 
a reduction of the root:shoot ratios. In treatments without lime, 
the shoot and root uptake of heavy metals largely increased with 
sludge loading rates. Both lime rates of 2•5 and 5.0 mt/ha were, 
however, capable of reducing heavy metal uptake from the sludge-
amended substrates, though the effectiveness varied with metals, 
treatments and plant parts. 
6.2 Implications of the study 
To substitute sphagnum peat with sludge as soil conditioner 
was only feasible and suitable at low amendment .rate (7.5%) • High 
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amendment rate (30%) was detrimental to biomass production. 
The sustained effect of the organic amendment material is 
particularly important to the revegetation of bare lands such as 
disturbed grounds and slopes. Hence, the use of sludge will 
provide the desired aesthetic value and save capital and labour 
costs. The slow release of nutrients from sludge is also a merit 
over the use of inorganic fertilizers, as the organic nutrients 
are less subjected to intense leaching under the heavy rainfall 
conditions of Hong Kong. 
Germination and seedling growth are crucial stages in grass 
establishment. This can be enhanced if the sludge is adequately 
stabilized before use. In so doing, the inhibitors like ammonia 
and ethylene will volatilize to levels not deleterious to seed 
germination. 
The reduction of root:shoot ratios in all the sludge 
amendments warrants special attention because the root systems 
are important to the survival of the plant. 
The root rotting phenomenon of the third experiment was 
unexpected. As biomass reduction was greater from the sludge-
amended substrates, the adverse effects of sludge at high loading 
rates were obvious. They could be heavy metal toxicity and 
increased soil water. This suggested that grass growth during 
periods of high humidity and heavy rainfall (prevailing in summer 
of Hong Kong) on poorly-drained sludge-amended substrates could 
be damaging. This has particular implications when the vegetation 
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is to be established in planter boxes made of reinforced 
concrete. 
The pH of the substrate samples collected after grass growth 
was lowered (data not shown)• Under the wet hot climatic 
conditions of Hong Kong, intense leaching by rainfall (simulated 
by daily irrigation in glasshouse) and production of carbonic 
acid from soil microbial activities and root respiration are 
possible causes of pH reduction. Since heavy metal uptake is very 
much dependent on the pH of the substrates, there exists the 
possibility that heavy metal availability will increase as pH 
further decreases with time. 
6.3 Limitations 
Pot trials were employed in this study to minimize 
environmental variations that affect plant uptake of nutrients 
and trace elements (Raviv et al. , 1986; Page et al • , 1989). 
However, it is well known that field conditions are hardly 
duplicated by pot trials because of the different root-soil-water 
interactions involved (Lepp & Eardley, 1978; Naylor e亡 al•, 
1987)• Regular watering of pots may increase salt leaching, and 
cause under-estimation of . the salt-induced inhibition on 
germination in the field. Moreover, the potted soil has limited 
volume and total fertility, thus can support less yield than in 
the field (Naylor et al • , 1987). In addition, heavy metal uptake 
is greatly enhanced in pots because of root confinement, smaller 
potential soil volume and unnatural watering patterns (De Vries 
& Tiller, 1978; Page et al•, 1989). 
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Owing to the limited soil volume and hence total soil 
fertility that could support plant growth, the growth period for 
seedlings and sprigs were limited to 1 month and 3 months, 
respectively. Shoots could not grow horizontally (vegetatively) 
because of the limited pot surface. Whether such a change of 
growth habit affected the physiological response of the grass is 
not known. Accordingly, this type of short-term pot study is 
probably different from the long-term field performance. 
It was technically difficult to remove substrate materials 
from the root, especially at the crown region. Hence, there 
existed the possibility of physical contamination of the root 
tissues. The manual work was tedious and time-consuming, so it 
took a considerable period of time to have all roots cleaned. As 
a whole, measured heavy metal content might have been slightly 
over-estimated due to the aforesaid reason. 
The sludge amendment rate was designated as percentage by 
volume. However, water from the digested sludge (about 75% by 
weight) will continue to evaporate, resulting in a decline of 
sludge volume and weight. Therefore, the dry solid concentration 
(also heavy metal concentration) will increase with time. If dry 
sludge is used, the net beneficial effects of the 7.5% sludge may 
be offset by a higher heavy metal toxicity. At the 30% amendment 
rate, the adverse effects would become more apparent. Hence, the 
differential effects due to different loading rates should be 
interpreted in connection with the moisture content of the sludge 
during mixing. 
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Due to the large number of substrate types, and limited 
handling ability, analysis on nutrient content and chemical 
properties of substrates could only be triplicated. These 
parameters were not used to correlate with biomass growth or 
heavy metal uptake because of the small sample size. 
6.4 Suggestions for further studies 
This preliminary study only revealed the potential of sludge 
application on grass growth. Long-term application in the field 
including bare land, landfills and slope revegetation should be 
attempted. The aspects of gradual acidification of sludge-amended 
substrates, metal release from organic matter decomposition, 
suppression of root development, sustainability of the nutrient 
effect and the improvement on soil physical properties should be 
monitored and ascertained. Moreover, heavy metals absorbed by 
plant tissues and accumulated in litters may alter the enzymatic 
and microbial activities, hence affecting nutrient cycling of the 
plant-soil system. For instance, there was a decrease in 
decomposition rate of Scots pine litter due to heavy metal 
pollution in Sweden (Berg et al., 1991). 
Long term monitoring of the heavy metal speciation in the 
soil environment should be investigated. It had been reported 
that most heavy metals were retained in the plow layer after 12 
years of sludge application (Seaker, 1991)• On the contrary, Zn 
and Cd, but not Cu, were found to have moved down to the B 
horizon after 14 years of sludge application (Dowdy et al., 
1991)• Studies should be able to identify whether sludge 
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application would induce secondary pollution (on soil and water) 
and to what extent before it was widely practised. 
The scope of research could be extended to cover the 
variations of (1) plant type like tree seedlings (Lepp & Eardley, 
1978; Berry, 1985), other grass species (Soon et al • , 1978; Angle 
et al., 1981) and even algae (Brookes et al•, 1986), (2) soil 
types (Soon et al.,1978; Angle et al. , 1981), (3) sludge sources 
(Berry, 1985; Serna & Pomares, 1992), and (4) comparisons with 
other solid wastes (Wong et al., 1983; Hernandez et al•, 1991). 
Research design involving a combination of the above items is 
common, and it would be beneficial to broaden the scope of 
research to optimize the utilization of sludge from different 
sewage treatment plants and on different vegetation practices. 
Lastly, local government departments and sewage producers 
(especially factories) should try to work out methods to improve 
the quality of sewage sludge and to promote its use, rather than 
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(Source: Royal Observatory, Hong Kong. 1992) 
EXTRACT OF METEOROLOGICAL OBSERVATIONS FOR HONG KONG, APRIL 1992 
- Air Tenperature Mean Mean Mean Total Daily Total Prevailing Mean 
Mean Total Global 
Date Dew Relative Amomt Bright Solar Evapora- Wind: Wind 
Pressure Rainfall 
Max. Mean Kin. Point Hunidity of Cloud Sunshine Radiation tion Direction Speed 
0 0 0 0 2 . Apr hPa C C C C X X _ hours MJ/ra mn degrees lon/h 
1 1010.8 21.5 19.5 18.3 18.2 9Z 100 0.2 - 6.65 0.7 050 6.8 
2 1013.1 2Q.Z 18.9 18.2 17.7 93 98 1.4 - 3.50 0.9 080 • 27.0 
3 1011.8 18.7 18.0 17.4 16.6 92 97 20.4 - 4.08 0.7 080 29.0 
4 1011.1 22.6 20.2 18.3 19.0 93 91 22.5 1.5 10.13 1.8 OAO 18.5 
5 1010.1 21.2 19.9 18.6 18.9 85 92.5 - \.U> 0.3 080 32.0 
6 1009.8 20.4 19.7 18.8 18.7 94 91 48.9 - 2.13 0.5 040 26.1 
7 1011.6 22-3 20.5 18.8 19,6 95 97 3 9 . 4 - 5 .58 0 .4 080 18.7 
8 1013.2 19.9 18.9 17.8 17.9 94 99 53.3 - 3.43 0.3 09d 32.6 
9 1010.2 21.6 20.2 18.9 19.2 94 83 8.7 0.7 6.87 0.7 030 20.2 
10 1008.8 25.a 2T.8 20.4 21.3 97 97 160.7 • 2 .29 0 . 4 .040 15.3 
‘ , . 
11 1009.2 26.0 22.0 19.3 20.7 ' 92 95 29.5 - 1.50 1.4 020 28.1 
12 1013.4 20.2 19.0 17.9 16.1 83 100 0.1 - 4.59 1.6 050 26,1 
13 1015.4 20.7 19.3 18.2 15.6 80 97 Trace - 5.52 1.4 •040 15.5 
14 1016.0 22.4 19.4 1 7.8 1 2.6 66 85 Trace* 0.9 9.60 2.4 040 17.7 
15 1015.8 25.8 20.9 1 7.8 U.3 67 55 Trace 6.0 15.78 3.3 020 10.7 
16 1016.0 24.1 20.8 18.8 16.1 75 9 - 10.3 22.70 3.5 070 1 5.5 
17 1012.9 22.6 20.3 19.0 1 7.8 86 79 2.6 13.09 2.4 070 21.9 
18 1009.4 25.5 23.2 20.5 21.6 91 86 7.5 0.3 4.13 0.3 190 15.4 
19 1009.3 28.9 25,2 23.2 23.2 89 70 6.6 6.3 16.33 3.5 23Q 24.8 
、 2 0 1011.4 24.6 21.3 20.6 20.1 93 98 Trace - 6.59 0.7 030 20.8 
f 
21 1007.9 27.2 '25.4 21.6 23.2 88 93 Trace 0.4 4.64 1.2 200 27.2 
22 1008.4 26.0 24.2 22.6 21.3 84 90 0.2 0.2 8.81 2.8 080 18.8 
23 1011.3 23.1 21.5 20.6 19.2 87 98 0.3 - 5.82 1.2- 060 27,0 
24 1014.0 26.9 23.7 21.6 21 .8 89 85 Trace 5 .1 15.71 2.5 040 16.A 
25 1016.2 27.1 2A.6 23.0 22.6 89 78 Trace 3.8 16.05 2；8 070 11.2 
26 1013.5 27.3 23.9 22.2 21.8 89 80 Trace 6.6 17.94 3.4 070 12.1 
27 1010.3 28.9 25.5 23.6 21.6 80 78 ' . - 6.5 16.21 3.4 200 7.3 
28 1009.8 28.4 25.9 23.6 22.3 81 66 - 10.5 21.44 4.6 160 8.4 
29 1010.2 29.1 27.2 26.0 23.2 79 79 7.5 15.01 4.3 210 25.0 
30 1010.5 29.6 27.3 25.4 23.3 79 77 6.3 17.52 4.5 230 21.0 
f 
Hean 24.3 -•>-- 20.3 -- — 9.50 • — 
知 th 1011.7 —- 21.9 19.5 87 85 492.2 75.5 57.9. . 04a _ 一 19.9 
• - . . . . . 
•formal 1013.1 24.9 22.2 20.2 19.0 83 78 161.5 106.9 13-14 106.9 08a- 19.7 “ 
V, Station Royal Observatory King's Park Wag I an Island 
女 . .、 -.• •‘ * 、 - • : 、 ‘ y . • .•‘广 - The minimLnr instantaneous^  reading of pressure at the Royal Observatory was^  1004攀9 hectopascalss at^  1745 HK^;：^、: 
- • • • • ." ，.“:-•• t on 21 April. 5! 
o 
£ The maximus air temperature at the Royal Observatory was: 29^ .6 C at 144& HCT oo 30 April. 
I The minimutff air temperature at the Royal Observatory was 17.4 ''c at 1246 HJCT on 3 April. 
t • -‘• i The maximun gust peak speed as recorded by the Teledyne Geottfch WS-201 wind sensor at Wag Ian Island was 
.i 68 kilometres per hour from 030 degrees at 1303 HJCT on 5 April-
！泽 ‘ 
The maxinun instantaneous intensity of rainfall as recorded by the Jardi recorder at King's Park was 193 miUimetres 
: per hour at 2310 HKT on 6 April. 
•I 
‘i • . 
I • 
EXTRACT OF METEOROLOGICAL OBSERVATIONS FOR HONG KONG, APRIL 1992 
Air Temperature Mean Mean Mean Total Daily Total Prevailing M«an 
_ Mean Total Global 
Q^te Dew Relative Amount Bright Solar Evapora- - W i n d Wind 
Fressxire Rainfall • 
M a x . Mean Min. Point Humidity o£ Cloud Sunshine Radiation tion Direction Speed 
产 — o o o o 2 灿y hPa C C C C Z Z nxB hours MJ/m am. degrees km/b 
‘ 1 1009.6 30.5 27. A 26.1 23.3 79 79 - 8.7 18.75 4.6 180 19.2 
2 1009.0 28.5 26.7 25.3 23.5 83 81 2.4 9.71 3.2 lAO 16.1 
3 1011.6 26.1 23.9 23.3 22.0 89 96 1.9 - 2.56 1.2 090 A4.5 
4 1013.1 27.3 24.5 23.1 22.7 90 93 1.7 3.2 11.83 1.8 080 29.0 
5 1012.2 29.3 25.7 23.8 2A.0 91 79 0.6 8.8 22.00 3.9 070 ‘ 16.0 
* 
6 1009.1 31.0 27.4 24.9 23.8 81 67 - 9.0 20.53 5.8 110 10.7 
‘ : 7 1006.5 27.8 25.3 22.4 23.2 88 89 62.1 - 2.00 1.0# 170 22.2 
8 1005.5 24.6 23. A 22.4 22.7 96 9A 324.1 - 1.00 0.1 100* 20.4* 
9 1008.7 25.9 2A.0 23.2 23.1 9A 94 16.0 - 4.60 3.3 030* 12.5* 
.10 1013.3 23.5 21.5 20.2 19.7 90 98 9.1 - 3.96 1.1 090* 29.4* 
！ ‘ 
‘11 1014.6 22.9 21.9 21.0 17.A 76 85 - 9.3A 2.8 090* 26.6* 
i 12. lOlA.O 27.0 23.6 21.6 18.0 71 AZ - 9.2 24.21 A.5 090* 20.5* 
f 13 1013.4 29.7 25.3 22.3 20.7 76 23 - 10.7 23.68 A.4 ,140* 11.3* 
k 14 1012.9 2A.8 24.1 23.6 22.3 96 96 1.5 - 5.13 0.8 080* 19.3* 
^ 15 1011.0 26.0 24.0 22.9 22.6 • 92 91 74.3 1.7 6.78 1,A# 100* 11.9* 
i '. , 
；:16 1008.9 26.8 24.9 23.2 23.6 93 90 2.9 O.S 10.26 1.7 110* 17.4* 
.17 100A.8 28.6 26.8 2it.6 2A.5 88 88 17.0 l.A 11.18 3.3 210* 22.3* • 
:‘:18 1007.5 26.9 25.2 23.8 21.7 81 83 - 3.4 9.77 1.9 350* 13.1* 
19 1010.1 25.. 5 23.8 22.8 21.8 89 91 0.2 0.1 6.72 1.5 100* 13.7* I 
P 20 1010.1 25.8 Ik .1 23.5 21.6 36 89 Trace - 9.02 2.5 090* lA .3* 5 i . 
6 21 1009.0 25.7 2A, 1 22.9 22.1 89 88 18.8 0.2 9.79 3. A 090* 19.0* 
1-22 1008.1 24.8 23.7 23.2 22.6 94 95 Trace - 6.50 1.6 090* 9.5* 
1008.2 27.7 24.7 22.7 22.3 87 71 Trace 2.2 13.38 2,5 140* 10.1* 
1 1 0 0 8 . 9 29.6 25' 9 23.2 22.7 83 35 - 9.3 20.94 A.O 130* 11,1* 
i 25 1008. A 28.0 25'5 23.8 22.7 8A 72 Trace 2.1 15.23 2.4 080* 13.3* I 
u-， 
I 26 1007.3 26.7 24.9 23.6 23.0 89 95 5. A - 7.88 2.2 080 23.7 
1^ 7 1010.5 26.1 2A.A 23.2 22.1. 88 7A 2.5 1.6 8.05 ‘ 0.9-. 100 2“.l 
| 28 1012.2 28.1 25.2 23.4 19. A 72 30 - 11.5 25.27 5.9 090 28.3 
1 2 9 1008.0 28.0 25.5 24.4 23.3 88 88 12.6 1.6 11.72 1.1 100 23.8 
1 30 1002.4 28.1 25.4 22.5 2A. 4 94 85 47.2 2.1 8.82 1.9 070 9.2 
M l 1001.3 29.5 25.9 2A. 8 24.2 90 85 Trace 4.2 12.03 3.1 100 21.8 
I 
，《n 27.1 23.3 — — . 11.38 
Ijonth 1009. A 2A.8 22.3 86 80 602.3 9A.0 79.8 090* 18.3* 
？ ® 1 0 0 9 . 1 28.7 25.9 23.9 22.6 83 7A 316.7 153.8 16.12 137.7 -090 19.2 
， R o y a l Observatory King's Park Waglan Island 
iL Cheung Chau* 
； 
I' Tb® minimunr instantaneous reading of pressure at the Royal Observatory was , 998.8 hactopascals at 0A20 BXT 
t s '. on 31 May. 
t >The- oaximuro air temperature- at the Royal Observatory was 31.0 °C at^  1345 HKT on 6 May. 
.！ 汝” • . . . 
• Th»- minimum air temperature at the Royal Observatory was 20.2 C at 1502 HKT on 10 May. 
I> �， 
.i ！! oaximum instantaneous intensity of rainfall as recorded by the Jardi recorder at King' a Park was- 323 inilliiD«tr«s 
I P « r hour at 1322 HKT on 8 May* 
Observational data 
not available, value estimated. 
晰nd. data recorded at, Cheung Chau were used for the period 8-25 May due to severe damage of th« autonatic wsather 
station on Waglan island by lightning. 
V 
L 。 
EXTRACT OF METEOROLOGICAL OBSERVATIONS FOR HONG KONG, APRIL 1992 
1 Air Terperature Mean M e a n ； “ ^ T o t a l I Prevailing Mean 
Mean Total Global 
^ Date Dew Relative Amount Bright Solar Evapora- • Wind Wind 
Pressure Rainfall 
Max. Mean Min. Point Hunidity of Cloud | Sunshine Radiation tion Direction Speed 
, " " " ； ; ~ ^ ~ ^ ^ ^ ^ X imi” hours~Zil ，ees 一 
1 1006.2 27.6 25.4 24.4 22 .5 84 79 _ 3 . 0 12.S3 3 4 1 二 
2 1009.3 28.4 25.5 24.3 21 .9 81 67 • 6 . 4 17.03 . 7 ~ . 
3 1008.8 28.3 26,1 25.3 24.0 88 90 Trace 1.1 9.32 2.7 = 
4 1007.4 30.2 27.4 25.6 24.9 , 86 66 Trace 7.3 19.90 4.2 ^ 10 5 
5 1007.2 31 .7 28.3 26.1 24 .9 82 53 • 6 . 8 1 8 .12 4 .9 220 9 .5 
; 6 1006.3 29.5 27 .7 24.3 2 4 . 6 £5 81 17.2 3 . 0 9 . 路 3 . 9 = f ； ® 
： 7 1 0 0 5 . a 2 8 . 7 2 5 , 9 2 2 . 9 2 4 . 3 9 1 9 3 8 1 . 2 • 1 . 5 2 1 . 4 - 二 
^ 8 1007.0 24.4 23.3 22.5 2 1 . 9 92 94 16.3 • 3 .51 O.S 二 二 
9 1008.1 25,4 24.1 22.7 23.2 95 93 13.3 _ • 5.54 0.5 m 1-8 
, • ,0 1010.7 25.3, 24.3 23.4 23.4 95 94 27.8 - 2.59 0.6 150 10.4 
; . 1 1 1010.0 25.1 24.2 23,7 23.6 , 96 98 32.6 • 4.77 1.0 150 10.7 
12 1008.1 27.3 25.3 23.9 23.9 92 88 7.4 3.2 13.75 2.6 0 -7 
13 1008.0 26.2 24.7 24.0 2 4 . 2 97 94 121.0 0 . 6 3 .32 0 .8 : 
14 1008.3 28.7 26.7 25.0 24 .6 88 88 9 . 1 2 .4 7.34 1.8 ^ f ； ' 
15 1008.3 27.9 25.7 24.5 2 4 . 7 95 94 25.4 _ 2.45 0 .8 100 12.9 
16 1006.8 29.5 27.8 25.0 2 4 . 8 84 87 Trace 1 .0 11.38 3 .4 220 20 .9 
； 1 7 1006.4 31.1 28.7 26.9 25.0 80 83 1.9 6.1 19.74 .6 = 
18 1008,8 31 .7 28.9 26.9 25.3 81 78 1.6 5 .3 17.36 .3 30 . 
f 19 1011.2 30.9 27.8 25.9 25 .7 89 82 29 .6 5 : 2 17.96 .3 ^ f ' 
、 2 0 1010.9 30.8 27.7 26.0 25 .9 90 86 32 .2 6 . 1 20.61 4 . 6 UO 19.1 
‘ 21 1008.6 30.9 ' 2 8 , 1 26.3 24 .9 83 74 Trace 6 . 7 17.54 3 8 = 二 • 丨 
22 1004.4 32.1 29.3 27.3 24.7 77 • 化 0 24.94 .4 = •； 
： 2 3 1002.1 32.1 29.6 28.0 25 .1 77 84 Trace 7 . 9 20.45 5 . 2 10 
24 1002.6 32.4 29.9 28.5 2 5 . 6 78 81 Trace 6 . 3 . 17.35 4 .2 230 5 
25 1003.0 32.8 29.9 27.9 26 .1 81 58 0 . 7 11.2 23.92 6 . 2 m 25.5 
〜 2 6 1001.5 32.1 29.6 28.5 2 5 . 7 80 73 Trace 8 . 0 19.22 5 . 2 ： 
27 1000.9 32.4 29.3 28.1 24.5 75 56 . . Trace 8.5 21.73 .4 二 二.3 
28 1002.6 28.3 26.6 24.6 24 .9 91 93 109.5 1 . 7 8 .40 . ^ 
29 1004.2 30.3 27.8 25.1 25 .8 89 67 6 . 0 6 . 4 16.17 . 2 50 1 -3 
30 t004.4 31.7 29.1 27.1 25.1 79 61 Trace 9.3 18.65 4.7 200 16.5 
Hean ……29.5 25.5 … 一 13.60 • ： 
Month 1006 6 - … 2 7 . 2 - … 2 4 . 5 86 80 532.8 134.5 • - … 9 7 . 6 100 22.9 
= 」 = = 3 0 . 3 27.8 25.9 24.4 二 75 376.0 161.1 16.55 U 3 . 9 0 9 0 _ _ ^ 
, ^ S t a t i o n I Royal Observatory | Kind's Park W的Ian Island 
I The minin^n instantaneous reading of pressure at the Royal Observatory was 999.0 hectopascals at 1610 HCT 
I on 27 June. 
I The maximun air temperature at the Royal Observatory was 32.8 °C at U 1 5 HJCT on 25 June. 
I The mininun air tenperature at the Royal Observatory was 2 2 . 5�C at 1813 HKT on 8 June. 
I The maximun gust peak speed as recorded by the Teledyne Geotech WS-201 wind sensor at Uaglan Island was 
I 104 kilometres per hour from 100 degrees at 0859 HKT on 28 Jme. 
I The maximun instant^heous intensity of rainfall as recorded by the Jardi recorder at King's Park was 237 miUimetres 
i per hour at 2 3 U HKT on 28 Jir»€. 
L 
4.1 Extract of meteorological observations for Hong Kong, July 1992 
j ^ — 
‘ Air Temperature Mean Mean Mean Total Daily Total Prevailing Mean 
‘ Mean Total Glbbal 
Date Dew Relative Amount Bright Solar Evapora- Wind wind 
Pressure Rainfall 
, ^ ^ Mean Min. Point Humidity of Cloud Sunshine Radiation tion Direction Speed 
. . 0 0 0 o 2 """"" 
• ut nPa C C C C % X nm hours HJ/m irm degrees km/h 
1 1004.8 31.9 29.5 27.8 25.0 77 56 Trace 10.7 20.10 5.5 210 21 0 
2 1004.8 31.1 29.3 27.9 25.2 79 64 1.2 8.4 17.76 4.8 210 ‘ 2 4 6 
3 1OOA.0 3>.9 29.6 27.9 25.2 78 80 0.6 8.6 19.80 5.4 230 34*1 
4 1003.4 30.5 29.5 28.5 25.6' 80 86 0.9 1.4 9.19 3.4 230 4 0 8 
5 1004.8 30.5 29.4 28.3 25.6 80 86 1.5 1.5 U.14 A .3 230 45^3 
6 1003.6 30.2 28.4 23.9 25.1 83 93 29.7 1.4 10.4r 3.5 230 49 3 
7 1002.4 27.6 25.4 23.4 23.5 89 96 73.4 - 4.90 0.6 260 38'5 
® 1005.1 28.8 25.3 23.5 22.4 84 88 1.6 1.5 11.31 2.2 030 1 7 0 
9 1009.2 30.1 27.6 25.3 23.9 81 85 Trace 4.2 16.08 4.0 160 17 9 
10 1011.8 30.1 27.8 25.0 24.4 82 76 3.0 4.5 14.96 3.7 160 15:i 
11 1012.3 32.0 28.5 25.9 24.4 J9. 42 • 11.3 24.66 5.3 070 1 2 8 
12 1010.5 31.1 27.3. 25.0 23.9 83 71 . 27.2 4.4 11.19 3.0 090. 31 3 
13 1011.2 31.3 28.1 25.5 25.3 35 78 9.8 8.0 15.42 3.6 120 29 8 
14 1012.5 31.7 28.6 26.0 2A.9 81 46 - 11.1 24.83 5 5 120 11 4 
15 1011.0 31.9 28.6 25.8 22.3 70 19 - 11.2 21.98 5.8 230 9 乂 
16 1008.7 32.2 29.1 26.2 23.3 72 16 Trace 10.8 21.57 5.2 16O 9 2 
17 1006.7 30.4 28.0 26.0 25.1 85 79 6.7 . 2.5 11.60 6.0 090 3o'l 
18 1005.4 27.7 25.3 23.5 23.8 91 96 177.7 - 1.06 2.0 220 53 A 
19 1008.0 30.4 27.7 25.9 24.2 81 63 - 10.1 19.78 210 20 9 
20 1008.1 31.2 28.3 26.2 24.6 81 41 - 10.3 18.89 3.6 150 . 8.0 
21 1005.7 31.3 27.8 26.0 23.8 80 66 2.2 4.3 12.51 3.8 080 30 5 
22 1004.1 28:6 26.9 25.3 24.0 84 <n 19.3 0.5 8.53 2.6 n o 61 4 
23 1008.8 28.1 27.2 25.0 24.5 85 93 3.0 • 6.33 1.0 140 23*5 
24 1010.0 31.7 28.3 26,7 25.2 84 68 • 10.9 23.02 4.8 100 is's 
25 1010.3 32.0 28.7 27.0 25.1 81 61 10.1 22.48 5.2 ‘ 100 19.'o 
26 1010.8 31.7 28.6 26.9 24.9 81 60 Trace 10.8 20.07 4 8 100 20 3 
27 1010.6 32.3 29.2 27.6 25.4 81 68 Trace 8.9 21.Al 5 1 090 23 1 
28 1010.8 32.4 29.3 27.4 25.1 79 48 ‘ 11.8 24.77 5.5 120 ll'o 
29 1010.1 31.6 28.9 26.9 24.6 78 A6 - 11.2 24.87 6.2 250 16'0 
30 1007.8 31.3 29.2 27.1 25.2 79 - 23 - 11.5 24.59 5.8 260 24 2 
31 1006.6 32.4 29.5 27.9 26.1 82 59 - 7.7 19.36 4.7 260 20^9 
Mean - 30.9 ---- 26.2 16 70 
Month 1007.9 - - 2 8 . 2 ' - … 2 4 . 6 81 66 358.1 209.6 … - - 1 3 0 9 230 25 5 
Normal 1005.3 31.5 28.8 26.6 24.9 80 65 323.5 231.1,丨 19.15 1 71.6 230 20.'o 
S 加 iH Observatory King's Park ~； g^lan Island 
The minimal^ instantaneous reading of pressure at the Royal Observatory was 1000.4 hectopascats at 1350 HJCT 
on 7 July. 
The maximun air tanperature at the Royal Observatory was 32,4 at 1341 HKT on 28 July and at 1340 HCT 
on 31 July. 
The minimun air temperature at the Royal Observatory was 23.A ®C at 2040 HJCT on 7 July. 
The maxiinun gust peak speed as recorded by the Teledyne Geotech WS-201 wind sensor at Wag I an Island was 
135 kilometres per hour from 180 degrees at 0653 HICT on 18 July. 
The maximun instantaneous intensity of rainfall as recorded by the Jardi recorder at <ing's Park was 196 millimetres 
per hour at 0452 HKT on 7 July. I . « 
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